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Contrasts in Scientific Style 



Emil Fischer and Franz Hofmeister: Their Research Groups and Their 

Theory of Protein Structure* 

Joseph S. Fruton 

Eugene Higgins Professor Emeritus of Biochemistry and Professor Emeritus 
of the History of Medicine, Yale University 



Introduction 

Since the middle of the nineteentii cen- 
tury, laboratory experimentation in 
the chemical and medical sciences has 
become increasingly the collective activity of 
research groups. In chemistry, the pattern 
set in the 1840s by Justus von Liebig in Gie- 
ssen — the association of students, assistants, 
guests and technicians with a leader — de- 
veloped rapidly in Germany, and was fos- 
tered by the growth of chemical industry.^ 
After 1870, relatively large research groups 
became a lasting feature of German univer- 
sity institutes of chemistry. Similarly, the rise 
of scientific medicine in German-speaking 
countries, and the wider distribution of 
health care, promoted the establishment of 
research groups in university institutes of 
pathology, physiology, pharmacology, and 
bacteriology, as well as in some clinical de- 
partments of medical schools. The names 
Rudolph Virchow (Berlin), Carl Ludwig (Le- 
ipzig), and Oswald Schmiedeberg (Strass- 
burg) are prominent in the history of this 
development.^ These chemical and medical 
research groups, and the men who led them, 
attracted many foreign students, and exerted 
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considerable influence on the organization 
of scientific research abroad. Moreover, the 
success of the German research groups stim- 
ulated the creation, between 1885 and 1910, 
of separate research establishments, notably 
the Pasteur, Lister, Rockefeller, and Kaiser- 
Wilhelm institutes, where the members of 
research groups were free of university ob- 
ligations.' 

The styles of leadership varied widely. At 
one extreme, the leader was a quasi-military 
director of the work of subordinates, and at 
the other, a senior counselor in the indepen- 
dent efforts of his junior scientific associates. 
Apart from the personality of the group 
leader, and the number and caliber of his 
students and assistants, other factors affected 
the balance between dictatorship and liber- 
ality. Perhaps the most important of these 
was the institutional status of the discipline, 
but more general social factors in different 
nations or institutions, and at different times, 
inclined a leader to adjust his attitude toward 
the jtmior members of his group in order to 
promote its productivity.* 

The award of credit for the research 
achievements of a closely-directed group has 
usually gone to the leader, as it was consid- 
ered that he (or she) formulated the plan of 
attack that proved to be successful. Although 
some of the junior associates may have made 
original contributions to the success of the 
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group effort/ they were expected to gain sat- 
isfaction from die refkicted fame of their 
leader, and to hope that he would make ttieir 
contributions knowm, especially to prospec- 
tive employers. On the other hand, if the 
group leader acted principally as senior 
counselor to his junior associates, and his 
name did not appear among the authors of 
their research papers, his contributions to 
any success they may have achieved usually 
did not receive recognition, even if he may 
have suggested the research problem, given 
advice about the conduct of the work, and 
helped to write up the results for publication. 
His place in the historical record has been 
based largely on his personal research, usu- 
ally performed at the beginning of his 
professional career.' 

These general features of the scientific life 
have long been appreciated by the partici- 
pants, and find reflection in their autobio- 
graphical writings and in accounts of their 
careers by others. With a few notable excep- 
tions, however, historians of science have not 
studied sufficiently dosely the role of re- 
search groups in the development of the 
chemical and medical sciences. The new in- 
sights gained from contributions such as 
those of Morrell and Geison amply dem- 
onstrate the importance of this approach.^ 
Much attention has been given to the work 
and thought of individuals in an effort to 
discern the sources of their success as creative 
scientists. This is an important historical en- 
terprise, especially when the individual was 
the chief experimenter in a small research 
group, or worked alone. But do the same cri- 
teria apply to leaders of large research 
groups? Moreover, does not the exclusive 
focus on the research achievements attrib- 
uted to the group leader neglect the fact that 
research groups produce not only new sci- 
entific knowledge, but also the next gener- 
ation of scientists? 

One of the purposes of this essay is to ask 
whether there is a connection between the 



success of a research group in scuntific dis-^ 
covery and invention (as measured, for ex- 
ample, by the award of a Nobel Prize to its 
leader) and the role of that group in turning 
out future leaders in their discipline. In an 
article published in 1967, Hans Krebs, whose 
research achievements place him among the 
great Inochemists of this century, presented 
a diagram to suggest that a diemist or 
biochemist has had a better chance of win- 
ning a Nobel Prize if he had worked in the 
laboratory of another wiimer.^ There is much 
in Krebs's article that I admire, but I beheve 
that his genealogical approach casts only 
dim, and perhaps misleading, light on the 
relation between the fame of a group leader 
and the later distinction of his scientific 
progeny. Some of the questions tiuit are left 
unanswered by such selective genealogy are: 
How large was the group of which the later 
Nobelist had been a junior member? What 
did he do as a member of the group, and 
what connection did that work or his leader's 
scientific writings have with his subsequent 
researdi? As for the non-winners, how many 
later gained distinction in chemical or med- 
ical research, and can their contributions be 
linked to their prior association with the 
group leader? What happened to the others, 
espedally those whose names disappeared 
from the sdentific literature after they left 
the group? 

In this essay I will consider some of tihese 
questions as ttiey relate to two researdi 
groups active at the turn of the century — 
one led by Emil Fischer (1852-1919) in or- 
ganic chemistry at the University of Berlin 
and the other, in physiological chemistry, led 
by Franz Hofmeister (1850-1922) at the 
University of Strassburg, a German dty be- 
tween 1871 and 1918. Alttiou^ an appre- 
dation of these two men will require an ac- 
count of their earlier careers, I will focus on 
the period from about 1899 to about 1914, 
when Fischer and Hofmeister were leaders 
of the most important German research cen- 
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ters in their areas of sdence, and when both 
men were interested in the same scientific 
problem, albeit from different points of view. 

A Meeting in Karlsbad 

The scientific link between Fischer and 
Hofmeister lies in the problem of protein 
structure. By an accident of history, that link 
was forged on a single day, 22 September 
1902, at the 74th annual meeting of the 
prestigious Gesellschaft der deutscher Natur- 
forscher und Ante in Karlsbad.^ The first of 
the plenary lectures was presented during 
the morning by Hofmeister, under the title 
Ueber den Ban des Eiweissmolekuls. On the 
afternoon of the same day, in the third paper 
at the first session of the Section of Qiem- 
istry, Hscher gave a report liber die Hydrolyse 
der Proteinstojfe. In bottt talks, the theory was 
advanced Uiat in proteins the constituent 
amino acids are joined to each other by the 
condensation of the amino group (NH2) of 
one amino add with the carboxyl group 
(COOH) of another amino add to form 
amide (CO— NH) bonds in a linear structure 
to which Fischer gave the name peptide. In 
subsequent accounts of the history of protein 
chemistry, these two lectures mark the ap- 
pearance of the so-called Fischer-Hofmeister 
peptide theory of protein structure.' 

The organizers of the Karlsbad meeting 
clearly attached importance to Hoftneister's 
lecture, and the complete text appeared 
shortly afterward in successive issues of the 
widely-drculated weekly Naturwissenschaft- 
liche Rundschau. '° A major part of the lecture 
dealt with the mode of linkage of amino adds 
in proteins. After considering various earlier 
proposals, Hofmeister presented several ar- 
guments in favor of the view that the amino 
adds are joined largely by amide bonds. He 
attached spedal significants to the biuret re- 
action — the purple color given with alkaline 
copper sulfate by proteins and by interme- 
diate products of their enzymatic digestion 
(the so-called albumoses and peptones).'' 



Among the synthetic materials (aside from 
biuret, NH2CONHCONH2) that give this 
color test, Hofmeister dted the products ob- 
tained by Curtius during the early 1880s 
either by the self-condensation of glydne 
ethyl ester (NH2CH2CO-OC2H5) to form a 
biuret-base or by the reaction of benzoyl 
chloride with silver glycinate. In the latter 
process, cme of the isolated products was 
hippuiyl-glycine (QHsCO-NHCHjCO- 
NHCH2CCX)H), which in retrospect may be 
considered to represent the first synthetic 
peptide derivative.'^ In favor of his theory, 
Hofmeister also offered evidence from 
physiological studies on the enzymatic 
deavage of proteins and of hippuric add 
(C6H5CO-NHCH2COOH). It should also be 
noted that he took occasion to hail the entry 
of Fischer into the protein field. 

The paper read by Fischer on the after- 
noon of 22 September was not published in 
full, but an abstract prepared by him was 
printed a few weeks later in the Chemiker- 
Zeitung.^^ In this Autoreferat Fischer sum- 
marized his recent results on the isolation of 
amino adds and peptides from protein hy- 
drolysates, and proposed that "in analogy to 
the known designation of carbohydrates as 
disaccharides, trisaccharides, etc., the sub- 
stances of the type glycyl-glydne be named 
dipeptides and that anhydride-like combi- 
nations of a greater number of amino adds 
be denoted tripeptides etc." This appears to 
mark the introduction of the woid peptide 
into the language of chemistry. In subse- 
quent publications Fischer also began to use 
the term polypeptide. 

In the abstract Fischer also wrote: 

Finally the speaker discussed the coupling of the 
amino acids in proteins. The idea that add-amide- 
like groups play the phndpal role most readily 
comes to mind \liegt am n&hsten), as Hofmeister 
also assumed in his ^neral lecture this morning. 
The same conviction led him [Fischer] more than 
1 V2 years ago to initiate experiments to effect the 
synthetic linkage of amino adds. 
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The last sentence was dearly intended to 
draw attention to Fischer's paper on the 
synthesis of glycyl-glydne and its deriva- 
tives." I will consider more fully later in this 
essay Fischer's efforts in the peptide field, 
and their relation to his views on the struc- 
ture of proteins. 

The Karlsbad meeting that links Hofmeis- 
ter and Fischer thus provides still anodier 
apparent instance of simultaneous scientific 
discovery." For the purposes of this essay, 
however, ttieir encounter is of greater interest 
in offering a contrast in the style of two sci- 
entists with different backgrounds and per- 
sonahties, who worked in different institu- 
tional settings, and who had met in the 
consideration of the same scientific problem. 
The biologist Hofmeister had already done 
extensive and important work on proteins, 
and held a large view of the role of chemistry 
in the study of physiological problems. The 
chemist Fischer had just entered the arena 
of protein research, and was emboldened by 
his notable success in the synthesis of sugars 
and purines to believe tiiat synthetic organic 
chemistry could also solve the problem of 
protein structure. In scientific stature, as 
measured by public esteem, Fischer vastly 
overshadowed Hofmeister. At the time of the 
Karlsbad meeting Fischer already held the 
title Geheimer Rat,^^ and a few months later 
he was awarded a Nobel Prize in Chemistry, 
whereas Hofmeister received no honors of 
this sort. Also, in the hierarchy of the uni- 
versity disciplines in Wilhelmine Germany 
(as indeed elsewhere), orgaruc chemistry had 
a far higher status than did physiological 
chemistry, in part because of the service of 
academic organic chemistry to the growing 
chemical industry, and in part because of the 
domination of physiological chemistry by the 
clinicians and physiologists in the medical 
faculties. During the first decade of this cen- 
tury, despite the differences in their public 
prestige, Fischer and Hofmeister both exerted 
a major influence on the subsequent trans- 
formation of "physiological chemistry" into 



a "biochemistry" less subservient to aca- 
demic medicine." This influence came not 
only from the researdi achievements in their 
respective laboratories but also ftom the ex- 
perience gained there by young Ph.D. and 
M.D. students, research assistants, and guest 
investigators from many countries. In suc- 
ceeding parts of this essay, I shall attempt to 
sketch the personal and scientific qualities of 
the two men, to examine more dosely the 
development during ca. 1899-1914 of their 
common area of interest, and to compare tfte 
role of their respective research groups in 
the education of the next generation of pro- 
ductive scientists. 

Emil Fischer (1852-1919) 

Fischer's sdentific career spans almost ex- 
actly the years of the first German Reich. His 
first published paper (in 1874) was based on 
the work he did for his doctorate in the lab- 
oratory of Adolf von Baeyer'^ at Strassburg. 
part of the booty of the Franco-Prussian War, 
and i^ere the victors had transformed tfie 
university into a showcase German institu- 
tion. Fischer's death in July 1919 came ei^t 
months after the capitulation of Germany in 
the First World War. In the bitterness of de- 
feat, one of his eulogists wrote: "Emil Fischer 
represents a symbol of Germany's ^eat- 

^^^^ "20 

ness. 

The number of biographical writings 
about Fischer is legion,^* and for the pur- 
poses of this essay I shall only refer to some 
aspects of his life, work and personality that 
suggest something of his style as a scientist 
and educator. That Fischer possessed excep- 
tional chemical talent was evident from his 
first publications, and the forward thrust of 
the German economy gave him opportuni- 
ties to develop and exploit that talent in 
academic life and in association with a bur- 
geoning chemical industry. There do not ap- 
pear to have been any social or financial im- 
pediments to his rise to prominence, for he 
was neither a Jew nor a Catholic, his pohtical 
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leanings were unexceptionable, and he had 
a wealtiiy fatiier. In Baeyer's institute in 
Munich (Baeyer moved there in 1875 as the 
successor of Justus von liebig), Hscher con- 
tinued to work on dyes, the subject of his 
outstanding Strassburg dissertation,^^ but 
later published relatively few papers in this 
field. Instead, he chose to exploit his discov- 
ery of a compound he identified as 
CftHs— NH-NH2, the phenyl derivative of 
the parent substance NH2— NHj, which 
Rscher named hydrazine. Upon the elabo- 
ration of this work, described in two long 
papers, and their presentation as Fischer's 
Habilitationsschrift and an oral examination 
(gleefully recounted in his autobiography^^) 
he became Privatdozent in 1878. In the fol- 
lowing year came a promotion to ausseror- 
dentlicher Professor at Munich, and he then 
held full professorships at Erlangen (1882- 
1885) and at Wiirzburg (1885-1892), before 
he went to Berlin in 1 892 as successor to Au- 
gust Wilhelm Hofmann. 

A feature that distinguishes Fischer's re- 
seach program in Wiirzburg and Berlin horn 
tiiose of other German university institutes 
of organic chemistry was his choice of prob- 
lems of biochemical interest. The starting 
point was his discovery in 1884 that phenyl- 
hvdrazine gives crystaUine derivatives of 
natural sugars (glucose, fructose, galactose, 
etc.). Although Fischer did not neglect other 
opportunities presented by his systematic 
investigation of the reactions of phenylhy- 
drazine (for example, in tiie synthesis of 
indole derivatives), the remarkable work 
performed by his research group on the de- 
gradation and synthesis of carbohydrates 
stands out, in my opinion, as the high point 
in his scientific career. The manner in 
which he applied and developed the van't 
Hoff-LeBel concept of the asymmetric carbon 
atom in elucidating the stereochemistry of 
the sugars bespeaks the theoretical insight 
he brought to the problem. The methods he 
developed for the synthesis of sugars and 
their derivatives were elegant and lasting. 



Although it remained for others, notably 
the great British school of carbohydrate 
chemistry (Purdie, Irvine, Hawortii), to de- 
fine more precisely the structure of the sug- 
ars, Fischer's achievements before 1900 
represented the starting point of further 
investigation. And, as a by-product of his 
organic-chemical work was the study of the 
fermentation of sugars and of the cleavage 
of glycosides by enzymes, leading to Fisch- 
er's famous lock-and-key analogy of the 
specificity of enzyme action.^* 

Before initiating his work on sugars, 
Fischer undertook the systematic study of 
caffeine because he questioned the validity 
of the proposal made by Ludwig Medicus 
(in 1875) that its structure is closely related 
to that of uric add. In a series of elegant syn- 
thetic experiments between 1881 and 1898, 
Fischer provided definitive evidence for the 
correctness of Medicus's views, and showed 
that caffeine and uric acid, as well as xan- 
thine and guanine, are derivatives of a parent 
substance Fischer named purine}^ During the 
1880s, largely through work of Kossel, it be- 
came known that the purines guanine and 
adenine are constituents of nucleic adds.^' 
The Nobel Prize in Chemistry awarded 
Fischer in 1902 was in recognition of his 
synthetic work on sugars and purines. 

Fischer entered the protein field in 1899, 
and during the succeeding ten years the ef- 
forts of his research group were directed 
prindpally to the study of proteins, peptides 
and amino adds. This aspect of Fischcnr's re- 
search career will be considered later in this 
essay. His success fell short of his hopes, and 
after 1908 Fischer returned to carbohydrate 
and purine chemistry, attempted to enter the 
nucleic acid field through the synthesis of 
nudeotides, and initiated a sustained and 
successful research program on substances 
he termed depsides (Greek depsein, to tan), 
present in lichen substances and in tannins." 

Fischer's scientific papers and lectures 
were collected in eight volumes, which in- 
clude approximately 600 experimental arti- 
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des and about 20 lectures.^ Of the fonner, 
185 appeared under his sole authorship and 
295 as joint publications, with Fischer's name 
first in all but two of them. Nearly all the 

remaining 120 experimental papers were 
published under the sole authorship of his 
Ph.D. students, and represent extracts from 
their dissertations. It appears to have been 
Fischer's practice to report the work he con- 
•sidered to be important in the form of joint 
papers with his students, but also to allow 
them to have at least one independent pub- 
lication, apart from the dissertation. On the 
other hand, in the case of work done by his 
postdoctoral assistants, Fischer often pub- 
lished important papers under his sole au- 
thorship, with an acknowledgment to the 
assistant at the end of the paper. 

This sketch of Fischer's scientific achieve- 
ments may perhaps suffice to indicate not 
only his exceptional chemical talent but also 
his ability to direct effectively the work of 
his research group. During his first two 
professorships, at Erlangen and Wiirzburg, 
at any one time the group included three or 
four postdoctoral research assistants and a 
laiger number (eight to twelve) of Ph.D. stu- 
dents, some of whom came from abroad. 
Many of Fischer's assistants were drawn 
from the ranks of his own students, and he 
also accepted men who had done their doc- 
toral work elsewhere. After his move to Ber- 
lin in 1892, Fischer continued to attract nu- 
merous Ph.D. students, and his fame also 
brought guest investigators. Among the latter 
were not only young chemists, but also 
young physicians who saw new opportuni- 
ties for medical research in the kind of or- 
ganic chemistry done in Fischer's institute. 
Moreover, Fischer had established close 
connections with several chemical compa- 
nies, and began to collect royalties from his 
patents. These connections helped him to 
extract from the Prussian government a new 
building and sizable funds, so that he could 
employ more postdoctoral research assis- 
tants. Around 1905, his research group was 



composed of twenty-five to diirty assistants, 
students and guests. The usual length of stay 
of the assistants was two to three years, cMf 
the students about eighteen months, and <rf 

the guests six to twelve months.'^ 

In the conduct of Fischer's successive re- 
search programs, the most important junior 
associates were his personal research assis- 
tants {Privatassistenten). They received a sal- 
ary from government funds assigned to 
Fischer or firom his private purse. Among 
these assistants were men who held the title 
of Privatdozeut, by virtue of having met the 
requirement for the Habilitation (the publi- 
cation of a scientific paper, a lecture on the 
subject, and an oral examination by appro- 
priate full professors). This entitled the Pri- 
vatdozent to lecture to students, from whom 
he was supposed to derive fees, but he re- 
ceived no salary for this service. Conse- 
quently, unless a Privatdozent had adequate 
means (as in Fischer's own case, from a 
wealthy father), he was obHged, while wait- 
ing for a "call" to a professorship, to accept 
employment as a research assistant. Not did 
a promotion to ausserordentlicher Professor 
alter the Privatdozent's status so far as a gov- 
ernment salary was concerned.^* 

The main duty of Fischer's research stu- 
dents was to conduct laboratory operations 
involving the preparation of crystalline 
compounds, to study the products formed 
by treatment with various diemical reagents 
(and occasionally wiUi enzymes), and to 
perform elemental analysis on the com- 
pounds they prepared. Whenever it was 
possible to grow large crystals, the students 
were also expected to take them to the min- 
eralogy laboratory and to determine their 
crystallographic parameters. Fischer (di- 
rectly, or through one of his chief associates) 
assigned to the research student a particular 
task, as part of a larger plan he had formu- 
lated, or to test the capacities of the student 
by means of a small problem not necessarily 
related to the main line of research at that 
time. There is little evidence in the Ph.D. 
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dissertations of a significant intellectual input 
on the part of the student. Indeed, as noted 
by his last chief research assistant. Max 
i Bergmann, Fischer was reticent toward his 
coworkers 

when he gave them instructions for tfie conduct 
of experiments or himself did laboratory work in 
their presence. Then, an indication of the pvirpose 
and goal and expected outcome of the experiment 
was either not given or stated very incompletely. 
I The explanation of this behavior may be found 
I in a printed guide for the conduct of scientific 
experiments, which Fischer regularly presented 
to the older students of his institute and to his 
own assistants. One sentence was: "You are 
uigently warned against allowing yourself to be 
! influenced in any way by theories or by other 
preconceived notions in the observation of phe- 
nomena, the performance of analyses and other 
determinations."" 

As one reads the doctoral dissertations of 
Fischer's students, one cannot but be struck 
by their limited scope and relatively modest 
, contribution to chemical knowledge. To be 
sure, the completion of moderately difficult 
tasks might have been preceded by failures, 
and the mere performance of the elemental 
analyses was time-consuming, but the 
skimpiness of content raises questions about 
the educational benefits the student may 
have derived from his participation in a sig- 
nificant research program. 

Descriptions of Fischer's behavior toward 
his junior assistants vary widely. One of his 
former English students wrote: 

Physically commanding, his authority rested on 
the solid foundation of natural dignity unmarred 
by self-assertion. The brisk, upright carriage 
marked the man of action; the glowing eyes re- 
vealed his attitude of constant, keen enquiry; Ihe 
impatience with trivialities was one aspect of his 
dominating, steadfast control of essentials. With 
ordinary human perception, it was impossible for 
anyone to escape his contagious enthusiasm, and 
yet all the time the master did not obscure the 
man, for although his daily demeanour was tinged 
with severity, his heart when revealed was deeply 
kind, and, in circumstances of relaxation, joyous.^ 



An American guest worker in 1905 later de- 
scribed Fischer as follows: 

He was then fifty-three years old, his dark hair 
and beard streaked with gray. He was at>ove me- 
dium height, erect, not portly, in his gait deliberate 
and elastic, yet in no sense sug^tively military. 
He was modest, kindly, always the gentleman. 
Twice a day he made the rounds, moving quietly 
from desk to desk inspecting the work, always 
seeming interested, criticizing, helpfully suggest- 
ing. He had the faculty of seeing quickly where 
one's trouble lay. So gentle in manner was he that 
one scarcely realized that he was a good executive 
conunanding officer.^' 

A somewhat different attitude is conveyed 
by a more recent account, based on archival 
and published material: 

The Berlin institute was administered by Fischer 
in a strict and authoritarian manner. He differed 
in this respect from his predecessor Hofmann 
who, as Director of the Institute, allowed the reins 
to hang loosely. Punctuality was the chief com- 
mand. Although he lived next to the Institute since 
1900, and could reach the laboratories directly 
from his official residence, it is reported that 
Fischer usually passed through the rooms wearing 
a formal blade hat. With a stem eye he inspected 
tifie laboratory workers, who repented to him the 
progress of their experiments. Fearsome was his 
Flugelschlagen (flapping of wings), without further 
comment, for the poor wretch if something had 
gone thoroughly wrong. Only rarely did the chief 
sit on a stool and conduct a brief private conver- 
sation. Then it was even permissible to laugh. 
However, the slightest attempt at intimacy would 
terminate the conversation immediately." 

In part, Fischer's personal qualities were 
affected by continued ill-health and, in later 
life, successive family tragedies. Throughout 
his professional career he was afflicted by 
respiratory and intestinal problems, arising 
from and exacerbated by the poor ventilation 
of the laboratories where he worked. His 
discovery of phenylhydraane in 1875, and 
its frequent use thereafter, exposed him to 
an agent whose toxicity he recognized only 
about 15 years later.^' In 1881, Fischer had 
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an attadc of mercury poisoning, as a conse- 
quence of the generation of the volatile 
mercury diethyl during experiments on the 
reaction of mercuric oxide with alkyl phe- 
nylhydrazines. Indeed, in 1885 some mem- 
bers of the Wiirzburg faculty opposed Fisch- 
er's appointment because of his respiratory 
difficulties.^ His correspondence of later 
years is replete with letters from various spas 
to his chief laboratory assistants reporting 
the state of his health. 

To this should be added the tragic early 
loss of his wife Agnes (nee Gerlach) whom 
he married in 1887. From this marriage, 
about which Fischer wrote with extreme res- 
ervation, came three sons: Hermann Otto 
Laurenz (1888-1960) who later became a 
distinguished organic chemist; Walter Max 
(1891-1915) who interrupted his medical 
training because of an acute depression and 
committed suicide; and Alfred Leonhard Jo- 
seph (1894-1917), a physician who died of 
t3rphus while on military service in Rumania. 
Agnes had died in 1895 as a consequence of 
meningitis that followed a middle-ear infec- 
tion, probably (as Fischer states it) "because 
the life-saving operation was performed too 
late, on account of the opposition of the pa- 
Hent."" 

Although personal illness and family 
tragedy must have contributed to the mold- 
ing of Fischer's temperament there can be 
little doubt that tfie dominant factor was his 

uncompromising singleness of purpose as a 
research chemist. At least until he became a 
public figure in 1902, with the award of the 
Nobel Prize, Fischer eschewed involvement 
in academic or governmental business that 
did not affect directly his research interests, 
although his rdationship to several chemical 
firms had been of long standing. Also, from 
the accounts of his many biographers, he 
appears to have been indifferent to literature, 
music, art or other cultural distractions from 
his professional work. 

After 1902, Fischer participated more ac- 
tively in public affairs, initially (1905) in 



promoting ttie idea of a Reich Institute for 
Chemistry as a counterpart of the Physikal- 

ische Reichsanstalt then under consideration, 
and later (1909) in the successful collabo- 
ration with Adolf von Hamack to persuade 
government and industrial leaders to estab- 
lish the Kaiser-Wilhelm Society for the Pro- 
motion of the Sciences. Fischer played a de- 
cisive role in the organization of the various 
research institutes founded by the Society, 
in particular those for Chemistry in Berlin- 
Dahlem and for Coal Research in Miiiheim- 
Ruhr." 

One of the principal arguments offered in 
favor of the new research institutes was the 
fear that Germany would lose its preemi- 
nence in research to the United States, and 
the establishment of the Rockefeller Institute 
for Medical Research in New York was cited 
as an ominous sign. Although Fischer con- 
ducted a friendly correspondence with sev- 
eral American scientists (notably Theodore 
W. Richards), he declined repeated invita- 
tions to visit the United States, pleading ill- 
health. There also appears to have been some 
animus in his attitude toward Americans, as 
is suggested by the following excerpt from 
a letter to his former associate Abderhalden: 

... I consider it likely that because of their greatCT 
wealth the Americans will beat us in several fields, 
and I have expressed this opinion at every op- 
portunity. However, we can withstand this com- 
petition for a time because of our greater inven- 
tiveness and more distinguished individual 
achievements. That the gentlemen in America aiv 
also rather presumptuous is notliing new to me. 
but one can defend oneself against this at a suit- 
able opportuiuty. As soon as I find the time, I will 
discuss this question in a retrospect on chemical 
research on proteins during the past 10 years.^ 

Upon the outbreak of the First Worid War, 

Fischer joined 92 other leading members of 
the German cultural establishment in signing 
the notorious Aufruf an die Kulturwelt of 4 
October 1914, disputing German responsi- 
bility for the outbreak of war, defending the 
invasion of Belgium and denying the reports 
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of German atrocities there.** Although 
Fischer did not abandon research, the work 
of his laboratory proceeded on a greatly re- 
duced scale owing to the shortage of per- 
sonnel, and he was obliged to accept women 
as research students. Because of his scientific 
eminence and dose relations to the German 
chemical industry, he became involved in the 
work of numerous war committees, and 
headed several of them.*^ In the last years 
of the war Fischer, along with other signers 
of the Aufruf, became increasingly despon- 
dent about the prospect of victory. In his last 
letters are expressions of hope that a firm 
and respectable government might be estab- 
lished in a defeated Germany, and that a 
socialist revolution might be averted/^ 

Franz Hofmeister (1850-1922)*^ 

Hofmeister's scientific work began in 
Prague, where he was bom the son of a well- 
regarded prosperous physician, and where 
he attended its ancient university at a time 
when the German-Austrian influence was 
predominant.*^ As a medical student, Hof- 
meister came to the attention of the professor 
of physiology, Ewald Hering, who suggested 
diat Hofmeister should work with Hugo 
Huppert, whom Hering brought to Prague 
in 1872 to be professor of applied medical 
chemistry.*' Huppert had been a student of 
Carl Gotthelf Lehmann (1812-1863), whose 
treatise on physiological chemistry had con- 
siderable influence, and who had introduced 
the term peptone, which figures leirgely in the 
story of the peptide theory of protein stmc- 
ture. Indeed, Hofmeister's unpublished Ha- 
hilitationsschrift in 1879 dealt with the anal- 
ysis of preparations of peptones. At that time, 
and for about twenty years afterward, pep- 
tones were considered by physiologists to be 
the final products of the degradation of food 
proteins in the mammalian digestive tract, 
and it was thought that after absorption into 
the blood the peptones are converted into 
blood proteins.^ In 1881, the Prague medical 



faculty decided to establish a new institute 
of pharmacology, with Hofmeister as its 
chief, so he had to obtain a Habilitation in 
the subject. Two years later he spent six 
months in Strassburg, where Oswald 
Schmiedeberg headed the leading German 
institute of pharmacology.'^ There can be 
little doubt that this visit, apart from intro- 
ducing Hofmeister to the teaching of phar- 
macology, greatly broadened his scientific 
outlook and also played a significant role in 
his later appointment at Strassburg. 

During his years as full Professor of Phar- 
macology at Prague (1885-1896), Hofmeister 
and his junior associates worked on a variety 
of biochemical and physiological problems. 
An empirical study of the ability of various 
inorganic salts to precipitate proteins led him 
to discover in 1888 a regular order, which 
later came to be known as the "lyotropic se- 
ries" or "Hofmeister series." He recognized 
that the differences among inorganic salts in 
the "salting-out" of proteins was a general 
function of their hydration, but did not write 
of ions; Svante Arrhenius's theory of elec- 
trolytic dissociation was not widely accepted 
until the 1890s. An important consequence 
of Hofmeister's systematic study was his use 
of ammonium sulfate (introduced into pro- 
tein chemistry by Camille Mehu in 1878) to 
effect the crystallization of egg albumin; this 
approach to the purification of proteins was 
actively pursued in Hofmeister's laboratory 
and was taken up by many other investi- 
gators.^^ Hofmeister also examined the 
swelling and adsorption phenomena exhib- 
ited by proteins, of interest to many nine- 
teenth-century biologbts in relation to the 
properties of protoplasm; these phenomena 
were later studied extensively from the point 
of view of the new colloid chemistry.*^ Apart 
from the chemical work on proteins and 
peptones, Hofmeister and his associates in 
Prague made contributions to the study of 
several aspects of intermediate metabolism. 
Much effort was devoted to the fate of pep- 
tones in various animal tissues; the finding 
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that peptones (as measured by the biuret re- 
action) disappear in the intestinal tract raised 
questions about the so-called peptone theory 
of protein synthesis. Hofmeister's associate 
Julius Pohl examined the oxidation of alco- 
hols and fatty acids in the animal body,^* 
and Hohneister himself contributed to the 
study of the newly-discovered process of 
biological methylation and of the long- fash- 
ionable problem of urea formation.^^ Until 
his departure from Prague in 1896, Hof- 
meister and his junior colleagues published 
about 75 papers on protein chemistry, inter- 
mediate metabolism, and assorted other 
topics in biochemistry, physiology and 
pharmacology. Only 30 of these publications 
bear Hoftneister's name, and most of them 
were based on work he has done at the be- 
ginning of his scientific career.^^ It is also 
noteworthy that much of the output of Hof- 
meister's Prague laboratory served as back- 
ground for the independent efforts of his 
new jimior associates in Strassburg. 

In 1895, the chair of physiological chem- 
istry at Strassburg became vacant, owing to 
the death of Felix Hoppe-Seyler.^^ It would 
hardly be appropriate to say that this full 
professorship was the most prestigious one 
in its field in Germany, because there was 
only one other, in Tiibingen, whence Hoppe- 
Seyler had come to Strassburg in 1872, when 
it was made a showcase German university. 
In contrast to Tubingen, the Strassburg in- 
stitute was in the medical faculty, and its 
senior members proceeded to seek a replace- 
ment. According to the archival records in 
Strasbourg,^* Schmiedeberg was placed in 
temporary charge, and the post was offered 
to Gustav Htifner of Tubingen, who was 
highly regarded for his work on hemoglobin. 
He declined on 12 December 1895, and gave 
his advanced age as the reason, but a later 
biographer stated that Hiifner did not wish 
to join a medical faculty. The post was then 
offered to Eugen Baumann, Professor of 
Chemistry at Freiburg in Breisgau, who had 
made several noteworthy discoveries in the 



study of the chemistry and metabolism of 

amino acids. He declined the Strassburg offer 
on 18 February 1896 because he did not wish 
to leave his chemical laboratory.^" 

The Strassburg medical faculty then pro- 
posed that physiological chemistry only have 
an ausserordentlicher Professor witfiin an in- 
stitute of hygiene and bacteriology (whkh 
Hoppe-Seyler had also represented), for 
which the Amsterdam professor Josef Forster 
(1844-1910), a member of the Voit-Petten- 
kofer school, had been proposed. Indeed, the 
Strasbourg archives contain a copy of a 
memorandum (25 February 1896) to this ef- 
fect from the Curator of the University to 
Forster. At this point, some of the ori^mal 
1872 faculty, notably the phannaGologist 
Schmiedeberg and the physiologist Friedrich 
Goltz, intervened. According to Hofmeister's 
associate Spiro,*^ these two men "immedi- 
ately asked an audience with the Governor, 
Count Hohenlohe, and explained to him that 
because of the extensive space that had been 
allotted to Hoppe-Seyler, the establishment 
of two separate full professorships witfi sep- 
arate institutes was possible without any new 
construction and without additional cost." 
Their argument proved to be persuasive, and 
no doubt owing to the influence of Schmie- 
deberg, Hofmeister was offered the chair of 
physiological chemistry. He accepted it on 
23 June 1896, and took up his duties later 
that year. Spiro takes occasion to note Uie 
generosity of Schmiedeberg's attitude toward 
Hofmeister, since the two men had similar 
research interests in the study of metabolic 
problems. 

I have described the circumstances of 
Hofmeister's appointment because it sug- 
gests something of the attitude of the Strass- 
burg medical professors toward tfie discipline 
that Hoppe-Seyler had represented, and also 
toward Hofmeister as an incoming colleague. 
The relatively meager archival record of his 
relation to the administrative officers of the 
medical faculty during 1896-1918 gives 
hints, but no more, of difficulties witti regard 
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to the appointment of teaching assistants and 
the like.^^ Whatever future historical study 
may uncover about Hofmeister's institutional 
problems, the circumstances of his appoint- 
ment alone suggest a situation repeated later 
in many medical schools in many countries. 
With few exceptions, for the clinical profes- 
sors and professors of physiology who con- 
trolled the medical faculties of German uni- 
versities, biochemistry (as it came to be 
called) was considered to be useful in med- 
ical education and research only as part of 
physiology or in relation to its application to 
practical clinical problems. 

During the 22 years of Hofmeister's stay 
at Strassburg, approximately 300 papers 
were published ^om his institute. A note- 
worthy feature of the list is that only about 
fourteen bear Hofmeister's name. Among 
this small number there were several general 
articles that attracted wide interest. I have 
already mentioned the two on the structure 
of proteins that appeared in 1902, and there 
was another on this subject in 1908.^ Also, 
in 1901, Hofmeister published a small bro- 
chure which dealt with the integration of 
enzyme action in metabolic processes. Some 
historians of science have considered this 
publication to have been influential in the 
emergence of a modem biochemistry based 
on the enzyme theory of life.^ Thirteen years 
later, Hofmeister wrote another article in 
which he modified his views on this subject 
in line with the then-current ideas about the 
colloidal nature of living matter.*^ In 1912, 
he published a lecture on chemical regulation 
in the animal body, and nearly all of his suc- 
ceeding papers dealt with problems of nu- 
trition,^ with particular attention to what 
he called "accessory nutrients" (Frederick 
Gowland Hopkins had termed them "acces- 
sory food factors" and Casimir Funk "vita- 
mines"). Thus, in the scientific literature after 
1900, Hofmeister's name appeared princi- 
pally as the author of general surveys of var- 
ious important biochemical problems. 

The significant experimental papers from 



Hofmeister's Strassburg institute were pub- 
lished under the sole authorship of his as- 
sistants, students (mostly candidates for the 
M.D. degree), and postdoctoral guests. These 
papers represented a wide range of interest, 
in keeping with Hofmeister's opinion that 
"The elucidation of the most fundamental 
physiological questions depends above all on 
progress in three fields accessible only to the 
chemist: protein chemistry, enzyme action, 
and intermediate metabolism."*^ In all these 
fields, his Strassburg research group made 
sterling contributions and, as noted before, 
several of them were elaborations of work 
done in his Prague laboratory. 

Hofmeister's chief associate in Strassburg 
was Karl Spiro, who joined him in 1896, and 
remained with him until they both left in 
1919. After his work for the Ph.D. (1889) in 
organic chemistry with Enul Fischer, Spiro 
studied medicine at Breslau (M.D. 1893) and 
turned to pharmacology. This brought him 
to Schmiedeberg's institute in Strassburg; 
upon the arrival of Hofmeister, Spiro became 
his first assistant, and embarked on a sus- 
tained study of the physical-chemical prop- 
erties of proteins. There can be little doubt 
that Hofmeister's earlier work in this field 
stimulated Spiro's productive efforts. Of 
special historical interest is his 1914 paper, 
with Max Koppel, on buffers.^ Ottier notable 
contributions of the Strassburg group to 
protein chemistry included the application 
of the salting-out method to the crystalli- 
zation of human serum albumin (Hans 
Theodor Krieger, 1899) and of Bence-Jones 
protein (Adolf Magnus-Levy, 1900) as well 
as the isolation of thyroglobulin (Adolf Os- 
wald, 1899). Moreover, a study by Spiro and 
Otto Porges on the fractionation of serum 
proteins led to their discovery that at least 
three types of globulins are present, and 
foreshadowed the demonstration many 
years later of the identity of the so-called 
gamma-globulin fraction with the immu- 
noglobulins. Among the other achievements 
in the protein field, that of Ernst Friedmann 
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in establishing the structure of the amino add 
cystine is especially noteworthy, as it cor- 
rected d\e widely-accepted formula previ- 
ously proposed by Baumann. 

The successes of the Strassburg group in 
the field of enzyme action were perhaps not 
as striking, but the discovery by Jacob Pamas 
of the enzyme he named "aldehyde mutase" 
deserves special mention.^ Odier enzyme 
studies dealt with tyrosinases (Otto von 
Fiirth), and several of Hofmeister's associates 
examined the properties of proteinases; in 
particular, Julius Schiitz's work on the ki- 
netics of pepsin action later attracted consid- 
erable attention. It is perhaps fair to say that 
the greatest single success was made in the 
field of intermediate metabolism, with Franz 
Knoop's demonstration of the i9-oxidation 
pathway for the metabolic breakdown of 
fatty acids/° Also, it was in the Strassburg 
laboratory that Pamas began his fruitful 
studies in the field of intermediate carbo- 
hydrate metabolism, hi addition to these 
contributions to the three areas of biochem- 
ical endeavor mentioned by Hofmeister in 
1900, there were also incisive studies on 
other topics, for example Otto von Fiirth's 
work on the constitution of adrenalin. Fried- 
rich Bauer's important study on the structure 
of inosinic acid, and Wilhelm Stepp's dis- 
covery of what was later to be called fat- 
soluble vitamin A. 

The remarkable variety of research prob- 
lems attacked in Hofmeister's Strassburg in- 
stitute precludes a complete summary of the 
research of his junior associates. It is clear, 
however, that this beehive of fruitful activity 
did not represent a concerted group attack 
on particular problems along lines deter- 
mined by the leader. From the published 
recollections of several of Hofmeister's as- 
sociates, and from obituary notices about 
them, there can be little doubt that instead 
of assigning problems, he suggested them, 
and that he also helped significantly both in 
the conduct of the work and in the prepa- 
ration of papers for publication.''* The avail- 
able records suggest that the Strassburg 



group included at any one time abotit 20 
people, of whom two or three were salaried 
assistants; some of fhem held tiie title of Pri- 
vatdozent or, as in the case of Spiro, of auss- 

erordentUcher Professor. The other members 
of the group appear to have been equally 
divided between research students who were 
candidates for the M.D. degree and post- 
doctoral (mosdy post-M.D.) workers, some 
of whom held assistantships in otfier medical 
school departments. The average sixe of 
Hofmeister's Prague group is uncertain, but 
presumably it was smaller than the one in 
Strassburg. 

Not all of Hofmeister's suggestions led to 
publishable results. Lawrence J. Henderson, 
who was at die Strassburg laboratory during 
1902-1904, wrote thirty years later; 

The experimental problem on which I went to 
work within a few weeks of die opening of the 
semester, after I had satisfied Hoftneister that I 
possessed a very rudimentary skill in diemical 
work, was badly chosen. I remember saying to 
him at the outset that I should like to work on 
some problem al>out blood and I also remembo' 
that this was due to a dear perception tftat I was 
going to work on the acid-base equilibrium in 
blood at some time when I returned to America. 
But although Hofmeister had himself done im- 
portant physico-chemical work I willingly ac- 
cepted his proposal to study the products of partial 
hydrolysis of hemoglobin and on this problem I 
worked steadily throughout my first year in 
Strasbourg and intermittently throughout mv 
second year, without ever making any progress, 
so that nothing ever came of my experimental 
work during these two years. And yet, strange to 
say, during all this time I was happy, contented 
and, 1 think, never seriously disturbed at the fail- 
ure of the investigation. ... I was for the first 
time surrounded, at least dtuing the woridng 
hours in the laboratory, by a group of active, 
young biological chemists, the assistants Spiro and 
Fiirth, and in addition, Embden, Knoop, Fried- 
mann, Blum and others. Then, Hofmeister's lec- 
tures were excellent and, considering his age and 
lack of training, remarkably modem and adequate 
to the needs of the immediate future. Moreover 
he was not merely a chemist, for he possessed a 
real understanding of at least some of the com- 
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plexities of biological phenomena and therefore 
of the characteristic difficulties in the application 
of physical and chemical methods to their study. 

In 1908, Henderson spent a month in 
Strassburg: 

Spiro and I did two little pieces of experimental 
work in cooperation. This work arose from his 
remark that it was a pity that I had never pub- 
lished anything from the Strasbourg laboratory 
and that we ought each to propose a problem that 
could be finished in a month and work both out, 
and so we did. The problem I proposed was an 
uninteresting routine measurement, but Spiro 
suggested the physico-chemical explanation of the 
long-known phenomena of the movement of wa- 
ter and of dUoride ion between cells and plasma 
when the pressure of carbon dioxide in blood is 
v aried. For some reason that I can't explain, 1 had 
up to that time overlooked these facts. I was the 
more impressed by them because I felt guilty at 
my ignorance. There was no difficulty in formu- 
lating the theoretical explanation of the facts 
through an application of the theory of acid-base 
equilibria and of the theory of osmotic pressure. 
The problem having been thus clarified, it was 
easy to construct simple systems in which the 
same processes should be observable, and, having 
performed the experiments, we found what we 
were looking for." 

The scope of the research done by Hof- 

meister's group, and the manner of its pub- 
lication, suggests an attitude quite different 
from that of Fischer to the assignment of 
credit. This is consistent with the available 
accounts of Hofmeister's personal qualities. 
In his obituary notice about Knoop, Karl 
Thomas wrote of the lifelong reverence and 
gratitude Knoop bore toward Hofmeister, "a 
man of wide-ranging spirit full of new ideas 
that he generously handed out to his co- 
workers"; and similar sentiments may be 
found in articles about other former junior 
associates, for example title botanist Friedrich 
Czapek (who workeid in Hofmeister's Prague 
laboratory), the pharmacologist Alexander 
Ellinger, the clinician Gustav von Bergmann, 
and the biochemists Gustav Embden, Ernst 
Friedmaim and Henry Stanley Raper.^*^ Otto 



Loewi, who worked in the Strassburg insti- 
tute in 1897, later described Hofmeister as 
"an ingenious biologist and an unforgettable 
personality/' and credited him with guiding 
Loewi on a path in pharmacology that led 
him to Hans Horst Meyer, in whose labo- 
ratory Loewi made the first of his two great 
discoveries.^^ Moreover, in the face of the 
tension between the German rulers and the 
French population of Alsace, Hofmeister 
won the affection of his Alsatian students, 
and made special efforts to promote their in- 
terests. 

Hofmeister appears to have been a man 
of good humor and great energy, as well as 
a "sparkling conversationalist, full of the 
grace of the Austrian." Also, he had a happy 
family life and, until shortly before his death, 
enjoyed good health. There were leisure 
hours spent in doing watercolors or listening 
to music. But at root, according to Spiro, he 
was "a solitary person, who desired solitude, 
. . . and he regarded the world around him 
with complete skepticism and often with 
scorn. "^^ This is consistent with Hofmeister's 
avoidance of scientific meetings, except 
when he was invited to present a lecture. In 
this connection it is of interest that Emil Ab- 
derhalden, who attended many meetings at 
which physiological chemists were present, 
wrote that he had never met Hofmeister.^* 
It would seem, therefore, that although Hof- 
meister was energetic within his institute, he 
was not an active participant in the academic 
politics of Wilhelmine Gennany and received 
few public honors. His last years were sad 
ones. After the return of Strasbourg to 
French rule, he left with the German pro- 
fessors, and found a haven in Wiirzburg, 
where he was named Honorary Professor of 
Physiological Chemistry. In a laboratory 
provided by the Professor of Pathology, 
Martin Beimo Schmidt, Hofmeister worked 
alone on the isolation of the antineuritic vi- 
tamin until shortly before his death on 26 
July 1922.^ 

In assessing Hofmeister's scientific con- 
tributions, it is noteworthy that a recurrent 
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theme in the writings about him is that he 
saw biochemical problems with the eyes of 
a biologist/^ I cannot dispute this judgment, 
but I find a curious paradox. Whereas Hof- 
meister considered the proteins that he and 
his coworkers had crystallized to be discrete 
substances of high molecular weight, the 
chemist Fischer did not. For this reason, I 
now return to the problem both scientists 
considered at the 1902 Karlsbad meeting, 
with special reference to Fischer's role in the 
historical development of protein chemistry. 

Peptides, Peptones and Proteins 

On January 6th I will present a lecture at the 
Chemical Society summarizing my work on amino 
adds, polypeptides and proteins, and then early 
next year I will publish the collected papers in 
this field in the form of a book. The material has 
grown splendidly and there is much detail in it. 
Recently I have also prepared the first crystalline 
hexapeptide and hope to obtain a matching oc- 
tapeptide before Christmas. Then we should be 
dose to the albumoses. Unfortunately, then begin 
the principal difficulties, namely the identification 
of the artificial products with the cleavage prod- 
ucts of proteins. . . . My entire yearning is di- 
rected toward the first synthetic enzyme. If its 
preparation falls into my lap with the synthesis 
of a natural protein material, I will consider my 
mission fulfilled. 

So wrote Emil Fischer to Adolf von Baeyer 
on 5 December 1905; the text of the January 
6 lecture and the promised book appeared 
during 1906.^ 

In the lecture, Fischer first summarized the 
work of his research group on the isolation 
of optically-active amino adds by resolution 
of amino-substituted derivatives of the 
available racemic forms; this represented 
Fischer's entry into the protein field in 1899, 
and successive students were subsequently 
assigned the task of applying his method to 
the resolution of many synthetic racemic 
amino adds, some of which were first made 
in his laboratory.^" After a description of the 
synthesis and properties of various amino 



add derivatives, Fischer turned to the pol\ - 
peptides, and stated that he had expected 
from the start such artificial substances 
would resemble the peptones. 

As was noted previously in this essay, 
Fischer's peptide work began in 1901, witfi 
the preparation of the first hee peptide — 
glycyl-glycine — by partial hydrolysis of gly- 
dne anhydride (2,5-diketopiperazine), a 
compound made by Curtius during the 
1880s. This is not a general method for cou- 
pling amino acids to form polypeptides, and 
Fischer's first attempt to develop such a pro- 
cedure failed. The later development of pep- 
tide chemistry showed that his proposed 
strategy of blocking the amino group with a 
substituent that could be selectively removed 
at the end of the peptide synthesis was 
sound, but the substituent he chose (the car- 
boethoxy group, C2H5OCO— ) proved to be 
unsuitable. It was not until 1903 (after Ae 
Karlsbad meeting) that he described a pro- 
cedure that circumvented the need for an 
amino-protecting group. In the new method, 
the synthesis began with a halogenacyl ha- 
lide {e.g., Br(CH(R)CO-Cl). This was 
coupled to an amino acid derivative 
(NH2CH(R')CO-X) to yield a compound of 
the type BrCH(R)CO-NHCH(R')CO-X, 
which was then converted by means of am- 
monia into the dipeptide derivative. Treat- 
ment of this product with the bromoacyl ha- 
lide derived from another amino add gave, 
after amination, the expected tripephde de- 
rivative, and so on. By 1906 about 65 pep 
tides of different chain length and amino add 
composition had been made in this way by 
various members of his research group; three 
years later the total exceeded 100, the longest 
being an octadecapeptide with 15 glycine 
and 3 leudne units. At each stage of the in- 
vestigation, the synthetic peptides were sub- 
jected to the tests devised earlier by physi- 
ological chemists to study proteins and their 
enzymatic breakdown products — ^the biuret 
reaction, predpitation by inorganic salts, 
cleavage by proteolytic enzymes. From sudi 
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tests Fischer concluded that the lower mem- 
bers of the series resembled the peptones and 
that, as the chain length increased, the prop- 
erties of the synthetic materials began to ap- 
proach those of natural proteins. 

Fischer was not reticent in his claims for 
the power of his synthetic procedure: 

The synthesis of the higher terms (peptides) has 
been restricted hitherto to the combinations of 
glycine, alanine and leucine; there is not a shadow 
of doubt, however, that all the remaining amino 
acids could be associated in complicated systems 
with the aid of our present methods. The knowl- 
edge of the artificial polypeptides thus acquired 
has opened up new ways of investigating the 
peptones and albumoses analytically. During 
more than fifty years physiological chemists have 
endeavored witihout much success to isolate ho- 
mogeneous substances from these ill-defined 
materials; all the products described by them, 
however, bear indubitable evidence of being 
mixtures." 

Fischer's confidence in the power of his syn- 
thetic method proved to be short-hved, for 
it was not only cumbersome and costly, but 
also was unsuitable for the preparation 
of polypeptides containing more complex 
amino add units, for example lysine or glu- 
tamic add. The enormous effort of his assis- 
tants and students produced much less than 
he had hoped for, and his disappointment 
may be inferred from the fact that after 1910 
there were no further experimental publi- 
cations on peptide synthesis from his labo- 
ratory. Fischer's halogenacyl halide method 
became obsolete when he ceased to use it, 
and only survived in the laboratory of Emil 
Abderhalden in Halle, where many peptides 
were produced, albeit of uncertain identity 
or purity. Among them was a nonadecapep- 
tide containing one more leucine than Fisch- 
er's longest polypeptide. It may be added 
that less attention was paid during 1900- 
1910 to Theodor Curtius who, stimulated by 
Fischer's entry into the protein field, resumed 
his work on peptides and developed in 1902 
a coupling method involving the azides of 



acylamino acids; this procedure has been 
used fruitfully to this day, and the historical 
significance of Curtius's contributions to the 
development of peptide chemistry is now 
appreciated more fully. 

Whatever may be said about the many 
practical limitations of Fischer's method, and 
its rapid obsolescence, they do not diminish 
his decisive role in providing an impetus to 
later advances in the art of peptide synthesis. 
The high point came in 1932, with the in- 
vention of the so-called carbobenzoxy 
method by Max Bergmann and LeonidaA 
Zervas.^^ Their procedure is an ingenious 
modification of Fischer's unsuccessful use of 
the carboethoxy group, and made possible 
the facile synthesis of polypeptides contain- 
ing all protein amino adds. In addition to 
Rsdier^s general influence on the subsequent 
development of peptide chemistry, special 
mention must also be made of a by-product 
of the work on the halogenacyl halide 
method. Since proteins are composed of 
amino acids which, v^rith the exception of 
glydne, have a center of asymmetry and are 
optically active, it was necessary to prepare 
the halogenacyl halides from optically-active 
amino adds. This process led to an inversion 
of configuration about the center of asym- 
metry, and the inversion was reversed upon 
treatment of the halogenacyl peptide with 
ammonia at the final stage of the synthesis. 
This type of double inversion had been dis- 
covered in 1893 by Paul Walden, but Fisch- 
er's work between 1907 and 1911 shed new 
light on the process and gave evidence of 
the remarkable stereochemical insight that 
he had displayed earlier in his work on 
sugars. 

The final section of the 1906 lecture dealt 
with proteins, and began with a detailed de- 
scription of the method Fischer had devised 
in 1901 for the amino add analysis of protein 
hydrolysates, namely the fractional distilla- 
tion of amino add esters under reduced 
pressure. Many protein preparations were 
subjected to such analysis and, apart from 
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the detection of previously-known protein 
constituents, three new ones were added to 
the list: proline, hydroxyproline, and diami- 
notrioxydodecanic add. Much of this work 
was done by Emil Abderhalden, in a^oda- 
tion with a series of guest investigators, 
largely young M.D/s.^ Fischer then dis- 
cussed experiments (also largely performed 
by Abderhalden) on the partial cleavage of 
proteins by proteolytic enzymes, especially 
those present in "pancreatin" (at that time, 
the term "trypsin" was also applied to this 
enzyme preparation). He reported the iso- 
lation of glycyl-alanine diketopiperazine 
from a partial hydrolysate of silk fibroin, and 
withdrew his earlier claim (in 1902) for the 
isolation of glycyl-alanine in the form of an 
amino-substituted derivative. In subsequent 
publications (1907), Fischer reported the 
isolation of other small peptides from protein 
hydrolysates. 

Fischer concluded his lecture with a dis- 
cussion of the structure of proteins, and 
stated that "So far as I can judge, the prev- 
alent view is that in protein molecules the 
amino acids are joined by amide bonds. This 
idea was most fully treated by Hofmeister, 
but he will surely not claim to be its origi- 
nator, for all synthetic efforts to couple amino 
adds, among them ttie discovery of glycyl- 
glydne, which antedate his publication, are 
based on this assumption. ... I wish how- 
ever to note that simple amide formation is 
not the only possible mode of linkage in the 
protein molecule. On the contrary, I consider 
it to be quite probable that on the one hand 
it contains piperazine rings, whose facile 
cleavage by alkali and reformation ^om the 
dipeptides or their esters I have observed so 
frequently with the artificial products, and 
on the other hand the numerous hydroxyls 
of the oxyamino acids are by no means inert 
in the protein molecule. The latter could be 
transformed by anhydride formation to ester 
or ether groups, and the variety would in- 
crease further if poly-oxyamino adds are as- 
sumed to be probable protein constituents.** 

Apart from his ambivalent commitment 



to the peptide theory of protein structure 
Fischer also took a stand against the evideno 
that proteins have molecular weights greate 
than 4,000-5,000. He stressed his oppositi(n 
repeatedly; for example, in his Faraday Lec 
ture he stated: . . /-leucyl-triglycyl-/-ty 
rosine has all the properties of the albu 
moses. These observations are of importano 
as casting doubt on the view which formerli 
prevailed that, being intermediate product 
between proteins and peptones, the albu 
moses are substances of considerable com 
plexity." Later in the same lecture, Fische 
voiced the hope that, by means of hi 
method, he would be able to s)mtheaze sill 
fibroin, which he considered to be one of ih 
simplest proteins, and went on to say: "T( 
deal with the whole of the proteins vwdll b 
a gigantic task; so large a number of separate 
investigations will be necessary that nothinj 
less than the life-work of a whole army a 
inventive and diligent chemists will sufGo 
to complete it. Probably, too, the unpleasan 
discovery will be made that the natural pro 
teins as we know them today are only to \h 
obtained by mixing the homogeneous art 
ficial products."^' This theme recurred in iu 
correspondence; for example, in a letter t< 
Lewellys F. Barker, Fischer wrote: "The syn 
thesis of polypeptides is advancing biiskh' 
I have recently made tfie first decapeptidi 
and will now try to reach an eikosapeptide 
whereupon one should be midway in th( 
protein group."" 

In 1913, Fischer reported the synthesis d 
a depside derivative having a moleculai 
weight of 4,021. This led him to state thJ 
this value exceeds that of the octadecapep 
tide he had described in 1907 by a value d 
3, and he added: "I believe that it also ex 
ceeds that of most natural proteins."** Threi 
years later, in commenring on the value d 
15,000-16,000 dted by Hofmeister in 19C0 
for the molecular weight of hemoglobr 
Fischer wrote: 

In my opinion, the methods applied to the deter 
mination of the hemoglobins are less certain dui 
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had been assumed previously. Although they 
crystallize beautifully, no guarantee of homoge- 
neity is given, and even if one concedes this and 
accepts the validity of a molecular weight of 
1 5,000-1 7,000 for several hemoglobins, it should 
always be remembered that the hematin, from all 
that we know of its structure, can bind several 
globin units. ... On the other hand, I gladly 
concur in the view of Hofmeister and other phys- 
iologists that proteins of molecular weight 4000- 
5000 are not rare. If one assumes an average mo- 
lecular weight of 142 for the amino adds, this 
would correspond to a content of 30-40 amino 
adds." 

It is difficult to escape the surmise that 
Fischer's views about the molecular weight 
and homogeneity of crystalline proteins had 
at root the realization that acceptance of the 
daims of the physiological chemists would 
imply his concession that, despite his re- 
peated assertions to the contrary, his method 
of peptide synthesis was inadequate to solve 
the problem of protein structure. Indeed, this 
conclusion is implicit in an article by Hof- 
meister, published in 1908. He began by 
noting: "That the end products (of protein 
hydrolysis) are largely linked to one another 
as amides was concluded by me on the basis 
of chemical and physiological evidence, and 
was securely established by E. Fischer 
through the preparation of such com- 
pounds — the peptides." Hofmeister then 
called attention to the fact that "the enzy- 
matic breakdown of proteins always leads 
to nuxtures of many substances of unequal 
molecular size. . . . and the isolation of def- 
inite chemically-characterized albumoses or 
peptones is a thankless task. . . . The diffi- 
culty of such research is a direct consequence 
of the size of the protein molecule/' and he 
goes on to dte the case of hemoglobin, for 
ivhich analytical determinations of the iron 
content had given a molecular weight of 
15,000-16,000. Hofmeister then summa- 
rized the efforts of physiological chemists, 
including those of several of his junior as- 
Kxiates, to isolate individual peptones in the 
Form of acyl (for example, j^-naphthalene- 



sulfonyl) derivatives, noted that chemically- 
homogeneous products could not be ob- 
tained by the predpitation methods available 
at that time, but reiterated his conviction that 
the isolation of well-defined cleavage prod- 
ucts was the most important requirement for 
the determination of the structure of pro- 
teins. Also, he did not fail to add that: "The 
rapid progress made in the synthesis of 
polypeptides under the aegis of Fischer could 
lead to the view that one may expect the 
eluddation of protein structure to come en- 
tirely from this approach. This hope at once 
comes to naught if one considers the enor- 
mous number of synthetic possibilities."®^ 

A contributing factor in Fischer's skepti- 
cism about the available values for the mo- 
lecular weight of proteins may have been 
his indifference to data from osmotic-pres- 
sure measurements or the determination of 
freezing-point depression. These methods 
represented some of the important contri- 
butions of the new physical chemistry, and 
before 1910 gave values (later shown to be 
too low) of 14,000 for egg albumin and 
48,000 for hemoglobin. In this connection it 
is of interest that Wilhelm Ostwald, the chief 
propagandist for this branch of chemistry, 
later v^ote about his encounter with Fischer 
at the 1889 meeting of the Gesellschaft der 
deutscher Naturforscher und Ante in Heidel- 
berg: 

I found myself in a swarm of organic chemists 
gathered about Emil Fischer, already regarded as 
the future leader of our sdence, since what was 
not organic chemistry was not recognized as 
chemistry. In response to his remark about our 
new direction I replied that organic chemists owe 
us thanks for the possibility of determining the 
molecular weights of non-volatile substances. 
Fischer replied "That is entirely unnecessary; I 
see directly the molecular wei^t of every new 
substance, and do not need your methods."'^ 

It should be noted however that Hscher later 

promoted the development of physical 
chemistry in Berlin, and had high regard for 
van't Hoff and Nemst, but clearly his rela- 
tions with Ostwald were not cordial. 
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I have dwelt on Fischer's work and writ- 
ings about proteins because during 1900- 
1910 they dominated discussion of this field. 
The accounts of his 1906 lecture in news- 
papers and in popular science joumak en- 
couraged the belief that the preparation of 
synthetic proteins was around the comer 
and, although Fischer attempted to disclaim 
responsibility for the exaggerations, his em- 
bellishment of the biological significance of 
his peptide work could not fail to attract wide 
attention and increase his already consid- 
erable public prestige.^ It is small wonder, 
therefore, that in the opinion of his contem- 
poraries, Fischer's repeated disparagement of 
the efforts of physiological chemists repre- 
sented expressions of sound scientific judg- 
ment. Thus, despite his notable contributions 
to biochemical knowledge, Fischer's role in 
the emergence of biochemistry as a univer- 
»ty discipline was in part a negative one. 
What Fischer failed to see, or did not wish 
to acknowledge, was that physiological 
chemists had to resort to every available 
method, including not only organic-chemical 
but also physical -chemical and biological 
methods, to study such difficult problems as 
protein structure, enzyme action and inter- 
mediate metabolism. This diversity of ex- 
perimental approach, evident in the woric of 
the Hofmeister group, stood in sharp contrast 
to the highly-disciplined methodology of the 
organic-chemical laboratory. In this connec- 
tion it is perhaps worth noting that in his 
autobiographical memoir, prepared during 
the 1930s, Lawrence J. Henderson wrote of 
his time with Hofmeister: 

No doubt Hofmeister and others in Germany, and 
an occasional more or less isolated investigator 
like Hofddns in England were at that time masters 
of a body of knowledge differing materially from 
what passed as either chemistr\' or physiology and 
which might fairly be called biological chemistry. 
But unlike organic chemistry and physical chem- 
istry, biological chemistry did not possess and in- 
deed hardly possesses today a sufficient equip- 
ment of methods of its own to make possible the 



sort of disciplined training that has been so long 
characteristic of orgaiuc chemistry and in a mea- 
sure of physical chemistiy. . . . Further, I have 
always had a feeling that organic chemistry is a 
very peculiar science, that organic chemists are 
unlike other men, and that there are few occu- 
pations that give more satisfaction than masterly 
experimentation along the old lines in this higjhiy 
specialized sdence.'* 

These dioughts invite consideration of €tie 
question whether, in the description of a sci- 
entific discipline, priority should be given to 

the problems it seeks to solve or to the metit- 
ods it uses to solve them. A corollary question 
is whether greater attention to problems 
makes for better education and concentration 
on methods for better techiucal training. 

Fischer's attitude toward his ccmtempo- 
raries in physiological chemistry is indicated 
in his comments about Emil Abderhalden, 
who joined Fischer's research group in 1902, 
after receiving his M.D. in Basel, and w^ork- 
ing there with the physiological chemist 
Gustav von Bunge. Two years later, in a letter 
to his Berlin colleague, the physiologist 
Theodor Wilhelm Engelmann, Bsdier wrote: 

Because of his unusual capacity for work, in a 
short time Abderhalden has became so adept in 
the difficult methods of organic chemistry tfiat I 
was able to accept him last fall as a collaborator 
in my private laboratory. I note that 1 had not 
dared to do this before with a medical man. He 
is a good observer, and is an enemy of all super- 
fluous hypotheses. Regrettably, biological chem- 
istry is that part of our science in which imprecise 
and incomplete experiments are often heavih- 
padded with the dazzling ornamentation of so- 
called ingenious reflections to produce pretentious 
treatises. For this reason, peopie like Abdeihalden 
are needed. . . 

The Fischer and Hofmeister 
Research Groups 

If, as the available record suggests, Emil 
Fischer directed his research group ratiier 
autocratically and Franz Hofmdster's 
was more like that of a senicnr counselor, can 
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this contrast in styles of leadership be attrib- 
uted solely to the difference in the person- 
alities of the two men? Certainly, an addi- 
tional important reason was the fact, noted 
by Lawrence J. Henderson, that by the turn 
of the century organic chemistry had a much 
more distinctive and highly-specialized 
methodology than did physiological chem- 
istry. This made for more disciplined training 
not onlv in Fischer's institute but also in other 
large organic-chemical laboratories, such as 
those of his teacher Adolf von Baeyer and 
of Fischer's student Ludwig Knorr. More- 
over, the division of labor among numerous 
assistants and students made it possible for 
the leader to explore several approaches and 
to get many experiments done. To this may 
be added the fact that the higher institutional 
status of organic chemistry in Wilhelmine 
Germany conferred upon leading organic 
chemists like Fischer greater prestige than 
that accorded a leading physiological chemist 
like Hofmeister. The extent to which such 
public esteem was reflected in the way a 
chemist directed the work of his junior as- 
sociates could not but depend on his personal 
qualities and ambitions. In the case of 
Fischer, at least during his work on proteins, 
the attainment of high honors does not ap- 
pear to have diminished his desire for ad- 
ditional glory to be gained from the dosely- 
directed efforts of his research group. 

On the other hand, Hofmeister's style of 
leadership at Strassburg was appropriate in 
an emergent field whose many problems 
came largely from mammalian physiology. 
In addition to his more modest personal as- 
pirations, Hofmeister imitated in many re- 
spects his predecessor Hoppe-Seyler and 
especially Carl Ludwig (1816-1895) whose 
Leipzig institute provided the seedbed for the 
subsequent development of physiology in 
many countries, notably in Russia, and to a 
lesser degree in England and the United 
States." It is noteworthy, however, that 
Hofmeister's contemporary Kossel appears 
to have directed a sizable biochemical group 



in his Heidelberg institute of physiology 
rather strictly, with little opportunity for in- 
dependent work by his junior associates.'^ 

Whatever may be said of the possible rea- 
sons for the difference in the styles of lead- 
ership of the Fischer and Hofmeister groups, 
the question posed at the beginning of this 
essay remains: If an important function of a 
research group is not only to produce new 
scientific knowledge, but also the next gen- 
eration of productive scientists, what com- 
parison can be made between these two 
groups with regard to the later distinction of 
their progeny? 

Before attempting such a comparison it is 
useful to know something of the size and 
composition of each group. Such data are 
presented in Table 1. To collect these data 
for Fischer's group the starting point was the 
set of eight volumes of his collected papers 
(note 30), and a list was made of all the peo- 
ple whose names appeared as authors, co- 
authors, or recipients of Fischer's thanks for 
assistance in the investigation. Among the 
last-named individuals was Walter Axhau- 
sen, who performed the widely-hailed syn- 
thesis of the octadecapeptide mentioned in 
the previous section of this essay .'^ From 
other sources I learned of research students, 
assistants and guests whose names do not 
appear anywhere in the collected Fischer 
papers. In this manner, I assembled a list of 
310 junior associates who had worked with 
Fischer during his scientific career (see Ap- 
pendix 1). Not included in this list are several 
people with whom Fischer collaborated on 
the basis of equality, for example his cousin 
Otto Fischer (triphenylmethane dyes), Paul 
Lindner (fermentation of sugars), and the 
physician Joseph von Mering (Veronal)." For 
the Hofmeister group, the starting point was 
the list of publications from his Prague and 
Strassburg laboratories in the obituary notice 
prepared by Pohl and Spiro (note 47). The 
completeness and accuracy of their list was 
chedced with the aid of various abstract 
jotunals and other reference works. Again, 
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Table 1 

Composition of Fischer and Hofmeister Groups 1879-1919 



Dr. phil. Dr. med. 



Pledoct. Posldoct. Piedoct. Pottdoct Tool 



FISCHER 

German-speaking nations 172 46* 14 232 

Othernations 46 23 9 78 

Total 218 67 23 310 

HOFMEISTER 

German-speaking nations 2 7 41 72^ 122 

Othernations 4 5 7 34 50 

ToUl 6 12 48 106 1 72 



* Includes assistants (34) and guests (12); does not include 32 research assistants who had received their Ph.D. 

for work with Fischer. 

j Includes assistants (12) and guests (60); does not include 6 assistants who had received their M.D. for work in 
Hofmeister's institute. 



I found some additional junior associates and 
excluded the few senior individuals with 
whom Hofmeister had collaborated, to jrield 
a final list of 172 people (see Appendix 2). 
An effort has been made to collect biograph- 
ical data about all the individuals in the two 
lists.'^ It was not difficult to find such data 
for those who had established themselves in 
academic life or at least continued to con- 
tribute articles to scientific, medical or tech- 
nical journals, but those whose names dis- 
appeared from this literature presented 
greater problems. If account is taken of the 
men known to have died soon after their 
doctoral work, the number of those for 
whom I have found biographical data thus 
far represents about 90 percent of the total 
in each of the appendices.'® 

The disparity in the size of the two groups 
arises from the fact that during the period 
1879-1896 Hofmeister's Prague group was 
much smaller than that of Fischer in Erlan- 
gen, Wiirzburg and Berlin. Between 1896 
and 1914, however, the totals were closer, 
with approximately 90 predoctoral and 75 
postdoctoral people in Fischer's Berlin insti- 
tute as compared to the approximately 40 
predoctoral and 110 postdoctoral people in 
Hofmeister's Strassburg institute. 



It is evident from Table 1 that about 70 
percent of Fischer's junior associates had 
been Ph.D. candidates, some of whom 

stayed on as research assistants. The sizable 
number of M.D. 's who worked as guests in 
Fischer's laboratory is of interest; many of 
them were turned over to Abderhalden to 
do amino add analyses of proteins. In 
case of the Hofmeister group, over 90 percent 
were either M.D. candidates or post-M.D. 
associates. As regards those from countries 
other than German-speaking nations (Ger- 
many, Austria-Hungary, Switzerland), most 
of Fischer's visitors came from the United 
States (19 Ph.D. students, 7 post-Ph.D. and 
5 post-M.D. guests) and from Great Britain 
(16 Ph.D. students, 4 post-Ph.D. guests). The 
fordgn members of Hofmeister's group were 
drawn largely from Japan (2 M.D. students, 
8 post-M.D. guests), Italy (1 post-Ph.D. and 
7 post-M.D. guests), Russia (6 post-M.D. 
guests) and the United States (1 M.D. stu- 
dent, 1 post-Ph.D. and 5 post-M.D. guests). 

In Table 2 I have attempted to translate 
into numbers the principal subsequent ac- 
tivity of the surviving junior people for 
whom I have biographical data. To avoid 
duplication of entries, I considered the prin- 
cipal activity to be the one in which the per- 
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Table 2 

Principal Subsequent Activity of Junior Members of the Fischer and Hofmeister Groups* 

FISCHER HOFMEISTER 

German-speaking Other Gennan-speaking Other 

nations nations nations nations 



Univ. full (ord) Professor 31 

Other university ranks 10 

Scientific research institute 5 

Hospital research and admin. 5 

Private medical practice 2 

Industrial res. and admin. 107 

Government tedm. depts. 18 

Chemical consultant 15 

Otherf 5 

Total 198 



• Not included in this table are persons known to have 
t Includes publishing, phannacy, farming etc. 

son had spent the largest porhon of his (or 
her) professional life; thus a brief university 
app>ointment followed by a lengthy assod- 
aticm with an industrial firm placed the per- 
son in the latter category. Despite the occa- 
sional uncertainty of assignment, I believe 
that the numbers in Table 2 allow one to 
draw some conclusions about the later ca- 
reers of the junior members of the two 
groups. 

It is dear that a larger proportion (43 per- 
cent) of the Hofmeister people attained full 
professorships, as compared with 1 8 percent 
for the Fischer group. It should be recog- 
nized, however, that apart from the post- 
M.D. guests most of the later full professors 
from the Fischer group held this rank in or- 
ganic chemistry, whereas most of those from 
the Hofoieister group were appointed in dis- 
dplines other than physiological chemistry, 
notably pharmacology, physiology, internal 
medidne and pediatrics. This difference is in 
part a consequence of the more limited ac- 
ademic opportunities for German bioche- 
mists before the Second World War. The siz- 
able number of former Hofmeister people 
who did not rise in rank above ausserorden- 
tlicher Professor includes individuals who 
held such af^intments as biochemists in 
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73 


110 


42 



died soon after their doctoral work. 

medical school departments of physiology 
or pathology. 

The third category in Table 2 refers to the 
men whose prindpal sdentific activity was 
in research institutes not attached to univer- 
sities. No Hofineister people are represented, 
but those from the Fischer group include 
some of the most distinguished sdentists in 
the entire list. Among the Germans or Aus- 
trians were Karl Landsteiner, Otto Warburg, 
Franz Fischer and Max Bergmann, and 
among the foreigners were Ernest Foumeau, 
Phoebus Aaron Levene, Walter Abraham 
Jacobs and Donald Dexter Van Slyke.*^ In 
the fourth category of Table 2 are those who 
later joined hospital staffs. Most of them rose 
to be chiefs of clinical services or heads of 
laboratories, and continued to publish arti- 
cles in the sdentific or medical literature. As 
is to be expected, the Hofmeister group pro- 
vided a larger number to this category; here 
again the scarcity of academic posts for Ger- 
man biochemists obliged many of them to 
content themselves with hospital appoint- 
ments.'^ 

The first four categories in Table 2 thus 
represent the jtmior members of the two re- 
search groups who later continued to con- 
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tribute to the scientific, medical or technical 
literature in their specialty. Clearly, the 
number and quality of the publications per 
individual varied widely, but it is of consid- 
erable interest that only 34 percent of the 
Fischer group are included among these cat- 
egories, as compared to 75 percent for the 
Hofmeister group. Except for one or two mi- 
nor publications or notices of patents, the 
remainder of the Fischer group disappeared 
from the literature because of their associa- 
tion with industrial firms, service in govern- 
ment bureaus such as the Patent Office, or 
activity as commercial chemical consultants. 
As is evident from Table 2, most of those 
from the Hofmeister group who did not 
continue to contribute to scienhfic or medical 
journals had entered private medical prac- 
tice.^°^ 

The large proportion of former Fischer as- 
sociates who made their careers in industry 
or as commercial chemical consultants merits 
further comment. The precursors of the 
leading German firms that specialized in or- 
ganic chemicals (Hoechst, Boehringer, Bayer, 
BASF, Kalle, Casella) had been founded 
around 1860 and during the succeeding de- 
cades they depended for their scientific 
manpower on imiversity laboratories such 
as those of Baeyer and Fischer. At first the 
emphasis was on synthetic dyes for the tex- 
tile industry, and later also on pharmaceu- 
tical products. The success of these enter- 
prises encouraged young Germans to choose 
organic chemistry as a profession and during 
1888-1914 the increase in the number of 
such students was roughly proportional to 
the growth of the chemical industry.^"' After 
the First World War, this phenomenon was 
evident in the United States where distin- 
guished organic chemists like Roger Adams 
(1889-1971) at the University of Illinois 
provided young Ph.D.'s to staff the research 
departments of a burgeoning American 
chemical industry. 

In considering the validity of the conclu- 
sions drawn from the numbers in Table 2 it 



should be noted that I have been unable thus 
far to ascertain the subsequent fate or activit\' 
of about 10 percent of the people in each of 
the two groups. In the case of the chemists 
of the Fischer group this may have been re- 
lated to early deatii (especially during the 
First World War), entry into chemical indus- 
try or commercial consulting, or a change in 
professional occupation. Similarly, for the 
Hofmeister group, it is likely that most of 
those who disappeared from the scientific or 
medical literature became practicing phya- 
dans, although three of them (Franz Gold- 
schmidt, Hans Theodor Krie^, Hugo 
Schneider) appear to have died soon after 
their association with Hofmeister, possibly 
during the war.^°* Consequently it is unlikelv 
that data for the missing people would alter 
markedly the proportion of the junior mem- 
bers of the two groups who continued to 
contribute to scientific or medical knowledge 
after their doctorate. 

The limitations of numerical data in the 
search for historical understanding are ob- 
vious, and the data in the tables and ap- 
pendices can only serve as a background for 
an attempt to assess the contributions of 
Fischer and Hofmeister to the education of 
the next generation of productive scientists. 
If the major social function of the fischer 
group was to provide research and manage- 
ment personnel for the growing German 
chemical industry, the group also included 
many future scientific leaders whose later 
achievements reflected Fischer's influence to 
a greater or lesser degree. The same appUes 
to the productive progeny of the Hofmeister 
group, although it may perhaps occasion 
some surprise that they were so numerous 
as compared to those who became medical 
practitioners. To discuss individually all of 
the productive scientists in the two groups 
would increase excessively the length of this 
essay. I have therefore selected those who, 
in my opinion, gained some distinction (their 
names are given in the appendices in capital 
letters) for a consideration of the relation of 
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their achievements to their association with 
Fischer or Hofmeister. 

My list of the more renowned former 
members of Fischer's group includes 24 
names; 4 received a Nobel Pzize in Qiemistry 
(Otto Diels, Hans Fischer, Fritz Pregl, Adolf 
Windaus) and 2 in Physiology or Medicine 
(Karl Landsteiner, Otto Warburg). Since 
among the 24 individuals I have selected 
from the Hofmeister group there is only one 
Nobel laureate (Otto Loewi, Physiology or 
Medicine), the numbers alone support 
Krebs's daim (note 7) that a chemist or a 
medical scientist who had worked with a 
previous winner was more likely to be a 
winner himself. A closer examination of the 
later successes of Fischer's more eminent 
progeny, however, shows little correlation 
between the award of Nobel prizes and the 
work they did in his laboratory. At best, it 
confirms the received opinion that eminent 
leaders in fashionable fields of science have 
attracted many talented young people. From 
the biographical sketches that follow it will 
be evident, I believe, that the men whose 
later efforts were most directly related to the 
work they did in Fischer's laboratory did not 
receive Nobel prizes. This is not to suggest 
that none of them deserved such public ac- 
colades, but this question involves the man- 
ner in which Nobel prize winners have been 
selected and will not be considered here. 

While Fischer was still in Baeyer's Munich 
institute, one of his first predoctoral research 
students was Ludwig Knorr (1859-1921), 
whose dissertation dealt with an analogue 
of phenylhydrazine. Upon Fischer's ap- 
pointment in Erlangen, Knorr accompanied 
him there and shortly afterward (1883) the 
study of the reaction of phenylhydrazine 
with ethyl acetoacetate led him to discover 
a pyrazole derivative that proved to be 
pharmacologicaUy effective as a febrifuge. 
Fischer allowed Knorr to obtain a patent, and 
the manufacture of this product {Antipyrine) 
represented the entry of the Hochst dye- 
works into pharmaceutical chemistry. Af- 



ter a brief stay with Fischer in Wiirzburg, 
Knorr became a full professor at Jena, where 
he directed the work of a sizable research 
group; several of his doctoral students joined 
Fischer as research assistants. Knorr's out- 
standing studies on pyrazoles and on the 
keto-enol tautomerism in substances related 
to ethyl acetoacetate stem directly from his 
association with Fischer. In addition, Knorr 
conducted a sustained program of research 
on alkaloids related to morphine. Fischer's 
liberality in encouraging Knorr to continue 
independent research along lines Rscher had 
initiated was not evident in relation to most 
of the other former junior members of his 
group. It is also noteworthy that after Knorr 
the men who achieved distinction as chem- 
ists were not associated with Fischer until 
after about 1899. 

Among these was Otto Diels (1876-1954), 
son of the noted classical philologist in Berlin. 
For his Ph.D. dissertation he worked on cy- 
anuric compounds and while an assistant in 
Fischer's institute he discovered carbon sub- 
oxide. As Professor of Chemistry at Kiel, 
Diels made important contributions to the 
elucidation of the structure of the sterol nu- 
cleus and, with his student Kurt Alder (1902- 
1958), developed the method of diene syn- 
thesis, for which both were awarded the 
Nobel Prize in Chemistry.'"^ 

The three other future Nobel prize win- 
ners in chemistry (Windaus, Hans Fischer, 
Pregl) stayed in Emil Fischer's laboratory 
only briefly. Adolf Windaus (1876-1959) re- 
ceived his Ph.D. in 1899 for work on digitalis 
alkaloids with Heinrich Kiliani, Professor of 
Medical Chemistry at Freiburg in Breisgau. 
After a short time with Fischer he returned 
to Kiliani who advised him to enter the sterol 
field. Among Windaus's many distinguished 
contributions, of special importance was his 
demonstration (with Alfred Hess) that a vi- 
tamin D can be produced by irradiation of 
yeast ergosterol with ultraviolet light. At 
Gdttiongen, where Windaus was Professor of 
Chemistry for almost 30 years, he led an 
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outstanding research group.'"* The second, 
Hans Fischer (1881-1945), had obtained 
both a Ph.D. in chemistry and an M.D. be- 
fore his brief association in 1909 with Emil 
Fischer. On the advice of the noted Munich 
dinidan Friedrich von Miiller, who had 
concluded that bile pigments arise from he- 
moglobin, Hans Fischer entered a field 
opened in the previous century by the phys- 
iological chemists Felix Hoppe-Seyler and 
Marceli Nencki. His remarkable achieve- 
ments over a 20-year period reached their 
peak in the syntiiesis of hemin, bilirubin and 
many porphyrins, thus establishing their 
chemical structure and paving the way for 
the later study of their metabolic formation 
and in tercon version. After appointments as 
Professor of Medical Chemistry at Innsbruck 
and Vienna, in 1921 Hans Fischer became 
Professor of Organic Chemistry at the Mu- 
nich Technische Hochxhule}^ The third, 
Fritz Pxegl (1869-1930), was an Austrian 
physician who entered physiological chem- 
istry at the turn of the century, and in 1904 
spent a few months in Fischer's institute, 
where he was turned over to Abderhalden 
for training in the ester method of protein 
analysis. Upon his return to his native Graz, 
Pregl became an assistant in the medical- 
chemical laboratory, and in 1910 was ap- 
pointed Professor of Medical Chemistry 
there. Pregl made his lifework the improve- 
ment of the available methods for the quan- 
titative elemental analysis of organic com- 
pounds, and by 1917 he had devised new 
apparatus and techniques for the analysis of 
2-3 milligram samples. The significance of 
this technical advance cannot be overesti- 
mated, for at a time when elemental analysis 
was still indispensable for the determination 
of organic-chemical structure, Pregl's micro- 
analytical methods made it possible to ana- 
lyze natural materials available to chemists 
in only small amounts. "° 

Next, mention may be made briefly of 
several former German associates of Fischer 
who did not win Nobel prizes but made im- 
portant chemical contributions in fields un- 



related to Fischer's main research interests. 
In alphabetical order, they were: Franz 
Fischer (1877-1947) who became head of the 
Kaiser-Wilhelm Institute for Coal Research 
(organized by Emil Fischer) and who is best 
known for his work with Hans Tropsdi on 
tfie artificial syntfiesis of benzene by hig}i- 
pressure hydrogenation; Fischer's son Her- 
mann O. L. Fischer (1888-1960) who did his 
doctoral work with Knorr and, after serving 
as one of his father's research assistants, 
made decisive contributions to the deter- 
mination of the structure of quinic aiul 
shikimic adds and to the syntheas of bio- 
logically-important derivatives of ^yceial- 
dehyde; Carl Harries (1866-1923) whose 
studies on the ozonization of organic com- 
pounds and on rubber won him wide ac- 
claim; Hermann Leuchs (1879-1945) who, 
after his work with Fischer on amino adds 
and peptides, discovered the N-carboxy 
amino add anhydrides (which later attracted 
much attention for the synthesis of pwlypep- 
tides), but whose main subsequent activity 
was in other fields, notably the strychnine 
alkaloids; Otto Ruff (1871-1939), who began 
as a pharmadst, then worked with Emil 
Fischer on sugars, and after 1903 played a 
leading role (comparable to that of die Nobd 
prize winner Henri Moissan) in the study of 
fluorine compounds; and Hdmudi Scheftrier 
(1882-1966) who, after his doctoral work 
with Fischer on peptides, turned to other or- 
ganic-chemical problems, especially com- 
pounds containing divalent carbon, a subject 
that later became the important field of car- 
bene chemistry."* To this group may be 
added Karl Spiro who, as was noted previ- 
ously in this essay, began as an organic 
chemist with Fischer but, under the influence 
of Hofmeister, then worked on the phvsical 
chemistry of proteins and on other biochem- 
ical problems. 

The two winners of Nobel prizes in phys- 
iology or medidne (Landsteiner, Warburg) 
were very different men. Karl Landsteiner 
(1868-1943) received his M.D. (Vierma) in 
189 1, and spent the following three years in 
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several organic-chemical laboratories. In ad- 
iition to a year (1892) with Fischer, he also 
tvorked with Eugen Bamberger (Munich) 
ind Arthur Hantzsch (Zurich). Landsteiner's 
remarkable achievements from 1897 on- 
ivaids began witii his discovery of human 
7lood groups; his subsequent systematic 
ivork on the spedfidty of serological reac- 
ions laid the foundations of modem im- 
Tiunology. At the Rockefeller Institute for 
Vledical Research, where he worked after 
1922, he led a small group of able investi- 
gators, among them Alexander Wiener 
:i907-1976) and PhiUp Levine (b. 1900), 
with whom he discovered the rhesus (Rh) 
Factor in human blood. Landsteiner was an 
unassuming person of broad culture and 
:onsiderable chemical insight."^ 

Otto Warburg (1883-1970) completed his 
:hemical studies in 1906 with Fischer; his 
Berlin dissertation dealt with the synthesis 
3f several peptides by the halogenacyl haUde 
method. An ambitious young man, witti his 
sights set on more rewarding fields of en- 
deavor (including the cancer problem), War- 
burg at once left organic chemistry and 
turned to cell physiology, apparently influ- 
enced by the writings of Jacques Loeb (1859- 
1924). Warburg's experimental work (on the 
respiraticm of fertilized sea urchin eggs) was 
conducted largely at the Naples biological 
experiment station during the years when 
he was studying medicine in Heidelberg. 
Three years after receiving his M.D. in 191 1, 
Warburg became head of a laboratory of the 
Kaiser- Wilhelm Society; as Vice-President of 
the Society, Fischer was responsible for this 
appointment. Upon tfie outbreak of the First 
World War, Warburg at once joined a cavalry 
regiment, in which he served until the Ar- 
mistice. Warburg later (1966) spoke enthu- 
siastically about his war service: "I learned 
to handle people; I leamed to obey and to 
conunand." During the 1920s he resumed 
his studies on cellular respiration, with spe- 
cial reference to oxidation and glycolysis in 
tumor cells. In connection with this work he 
devised new or improved experimental 



methods in manometry and the use of tissue 
slices. He concluded that anaerobic glycolysis 
plays a primary role in the causation of can- 
cer, a view he continued to reiterate into the 
1960s, despite extensive evidence to the 
contrary. On the basis of experiments with 
model systems, Warburg insisted that the 
primary process in cellular respiration is the 
activation of protoplasmic iron, and he 
scornfully dismissed the work of Heinrich 
Wieland, Thorsten Thunberg and David 
Keilin showing that dehydrogenases and cy- 
tochromes play important roles in biological 
oxidations. Warburg received his Nobel prize 
for a brilliant spectrophotometric study of 
what he called the Atmungsferment. His 
greatest achievements came during the 1930s 
when he discovered the first of the flavo- 
proteins, when he showed that the action of 
the dehydrogenases involves the participa- 
tion of a nicotinamide-containing substance 
related to cozymase, and when his assistants 
Negelein and Wulff reported the first dear- 
cut demonstration of a coupling between 
oxidation and phosphorylation. In his po- 
lemics about the cancer problem and cellular 
respiration, as well as about photosynthesis, 
Warburg exhibited exceptional arrogance. 
His laboratory was run in semi-military 
fashion, and discipline was enforced by his 
personal servant Jacob Heiss. Warburg pre- 
ferred to employ as his research assistants 
men who had been trained in technical 
schools rather than ambitious young scien- 
tists because "they never troubled him with 
requests for testimonials and for support in 
obtaining better posts." Although more gen- 
erous than Fischer in allowing the names of 
these men (Walter Christian, Fritz Kubowitz, 
Erwin Negelein) to appear as authors of im- 
portant papers from his institute, at the end 
of the Second World War Warburg abmptly 
dismissed them.''' 

I have dwelt at somewhat greater length 
on the career and personality of Otto War- 
burg not only because his work during the 
1930s represents a peak of biochemical 
achievement in this century but also because 
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in later life he repeatedly stressed the im- 
portance of his association with Fischer. 
Although Warburg's claims for the special 
significance of the work he did in Fischer's 
laboratory either for protein chemistry or in 
his own later successes can be described most 
charitably as exaggerations, there can be little 
doubt that Warburg adopted much of Fisch- 
er's style in his conduct toward his collab- 
orators. 

The brief accounts given thus far of the 
later scientific activity of the more notable 
German or Austrian diemists or medical sci- 
entists who had worked in Fischer's succes- 
sive laboratories suggest that, except for 
Khorr, most of them did not follow in Fisch- 
er's scientific footsteps. Four of those who 
all worked with him after 1900 did; they 
were Emil Abderhalden, Max Bergmann, 
Karl Freudenberg, Burckhardt Helferich and 
(from Austria-Hungary) Geza Zemplen. 

Emil Abderhalden (1877-1950) was 
Fischer's faithful disciple, but the soundness 
of Fischer's assessment (see note 92) must 
be questioned in the light of the uncertainty 
of much of Abderhalden's work both as a 
member of Fischer's group and as an inde- 
pendent investigator later. Abderhalden be- 
came Professor of Physiology at the Berlin 
Veterinary School in 1908 and at Halle in 
1911. He remained in Halle until 1945 when 
he was forcibly removed to the west by 
American forces before they were obliged to 
vacate the city under the interallied agree- 
ment dividing prewar Germany into four 
zones of occupation. Abderhalden ended his 
days in his native Switzerland. He was a man 
of inexhaustible energy and his skill as a sci- 
entific entrepreneur cannot be questioned; 
his output of scientific papers was enormous, 
and many of them dealt with proteins and 
peptides. He followed Fischer along the 
tracks that proved to be dead ends, notably 
in the continued use of the halogenacyl ha- 
lide method of peptide synthesis and his es- 
pousal of Fischer's suggestion that diketo- 
piperazines may be structural elements of 



proteins. Abderhalden's claim for the exis- 
tence of the Abwehrfermente (protective 
enzymes), elicited upon the parenteral ad- 
ministration to human subjects of foreign 
proteins, and his advocacy for at least 35 
years of this supposed phenomenon as a test 
for pregnancy or cancer, can be described 
most generously as an example of sustained 
self-delusion. He also published many pa- 
pers on other biochemical subjects, among 
them protein metabolism, vitamins and hor- 
mones."* 

The scientific stature of Max Bergmann 
(1886-1944) was rather different. As Rsch- 

er's chief research assistant during the Rxirt 
World War, he worked on anuno adds, dep- 
sides, carbohydrates and glycerides. Two 
years after Fischer's death Bergmann became 
Director of the newly-established Kaiser- 
Wilhelm Institute for Leather Research in 
Dresden. There, in addition to his servi€e to 
the leather industry, he conducted an active 
research program that included distin- 
guished work on carbohydrates, with special 
reference to unsaturated sugars (for example, 
glucal) and the polysaccharides cellulose and 
chitin, as well as on amino acids and pep- 
tides. For several years Bergmann, like Ab- 
derhalden, accepted the diketopiperazine 
theory of protein structure, and published a 
series of papers on unsaturated diketop^per- 
azines. As was noted previously in this essay, 
in 1932 he and Leonidas Zervas reported the 
invention of the carbobenzoxy method of 
peptide synthesis; this advance marked the 
beginning of a new era in this field. In the 
following year Bei^gmaim was forced by Uie 
Nazis to leave Germany and he moved to 
the Rockefeller Institute for Medical Re- 
search. It was my good fortune to be asso- 
ciated with him in New York from 1934 until 
his untimely death ten years later. There 
were two main lines of research. One in- 
volved the use of the newly-available p>ep- 
tides for the study of the specificity of pro- 
teolytic enzymes; my discovery of the first 
synthetic peptide substrates for pepsin and 
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Dther well-defined proteinases provided 
strong evidence for the peptide theory of 
protein structure at a time when the theory 
ivas under serious challenge. The other main 
line, actively pursued by Bergmaim himself, 
(vas the development of new methods for 
the amino add analysis of proteins. With 
Carl Niemann (1908-1964) he advanced the 
hypothesis that each kind of amino acid unit 
recurs at a regular periodic interval in the 
polypeptide chain of a protein; this excursion 
into numerology was based on inadequate 
uial3rtical data and the Bergmann-Niemann 
periodicity hypothesis was soon shown to 
be invalid. Bccept for the interruption by 
work done in connection with the Second 
World War, the research on the amino acid 
zomposition and sequence of proteins was 
zontinued at the Rockefeller Institute by 
Bergmann's associates William Howard Stein 
:i911-1980) and Stanford Moore (1913- 
1982) who shared the 1972 Nobel Prize in 
Chemistry for their achievements in this 
field.'^^ 

Carl Freudenberg (1886-1983) worked 
with Fischer between 1909 and 1914 on 
iepsides and tannins. After the First World 
ifVar he became Professor of Qiemistry at 
Heidelbeig, where over a period of 30 years 
he conducted fruitful research on the chon- 
istry of carbohydrates and of lignins as well 
as in the field of stereochemistry, including 
:he mechanism of the Walden inversion. 
Burckhardt Helferich (1887-1982), also a 
doctoral student and assistant with Fischer, 
kvorked in Berlin on ttie synthesis of glyco- 
sides. After the war he was successively Pro- 
fessor of Ghemistry at Greifswald and Le- 
ipzig, but in 1945 he was removed to the 
A-est from the latter city by the American 
army; two years later he was appointed pro- 
fessor at Bonn. Helferich's main scientific 
achievements were in the synthesis of oli- 
gosaccharides, through the introduction of 
the tiiphenylmethyl (trityl) group for this 
purpose, and in the systematic study of the 
ipedfidty of the enzymes that hydrolyze 



glycosides. Geza Zemplen (1883-1956) re- 
ceived his Ph.D. in chemistr\' at Budapest in 
1904 and three years later joined Fischer's 
group. Initially Zemplen worked on amino 
adkls but towsurd the end of his stay in Berlin 
he was directed into the field of carbohydrate 
diemistry. He continued in this field after- 
ward and made many outstanding contri- 
butions to the synthesis of oligosaccharides 
and of other naturally-occurring glycosides. 
As Professor of Organic Chemistry at the 
Technical University in Budapest, Zemplen 
played a leading role in the development of 
organic chemistry in post-war Hungary."^ 

The two dozen more renowned former 
members of the Fischer group also include 
one Frenchman and four Americans. Ernest 
Foumeau (1872-1949) had been a student 
at the great school of pharmacy in Paris be- 
fore spending three years (1900-1902) in 
several German laboratcmes of organic 
chemistry. During his brief association with 
Fischer, he worked on derivatives of glycine; 
their joint paper in 1901 marked Fischer's 
entry into the peptide field (see note 14). Af- 
ter several years in the research laboratory 
of the Poulenc chemical company, in 1911 
he joined the Pasteur Institute, where he 
conducted a sustained and fruitful search for 
effective new pharmaceutical agents. Among 
his many significant contributions were the 
preparation of the local anesthetic Stovaine 
and the demonstration that the active com- 
ponent of Gerhard Domagk's Prontosil is 
sulfanilamide. It would seem, therefore, that 
Fischer's interest in devising patentable 
drugs such as Veronal was a more important 
factor in Foumeau's later efforts than the 
work on peptides."^ 

The first of the notable Americans to work 
in Fischer's laboratory was Phoebus Aaron 
Theodore Levene (1869-1940). He received 
his M.D. in St. Petersburg in 1891 and, after 
several years of private medical practice in 
New York, entcared biochemical research. 
During a visit to Europe in 1901 Levene 
spent a summer in Fischer's institute, where 
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he was assigned the task of analyzing gelatin 
by the ester method. In 1905 Levene was 
appointed to the staff of the newly-created 
Rockefeller Institute for Medical Research, 
and worked there until the end of his life on 
an extraordinary variety of biochemical 
problems. Chief among them was the con- 
stitution of the nucleic acids, a field that 
Fischer attempted to enter when he gave up 
hope of making a synthetic protdn. Among 
Levene's publications (about 700) there were 
many papers dealing with proteins, and even 
before 1910 he did not hesitate to invade 
Fischer's territory by isolating peptides from 
partial hydrolysates of proteins. There were 
also experimental papers on the chemistry 
of phosphatides, cerebrosides and sugars, as 
weU as on stereochemistry and on miscel- 
laneous other topics. It was in the nucleic 
add field, however, that Levene had the 
greatest impact, espedally through the efforts 
around 1910 of his assodate Walter Abra- 
ham Jacobs (1883-1967) who established 
that yeast nucleic add is composed of ribo- 
nucleotides. Jacobs had received his Ph.D. 
in 1907 for work in Fischer's institute on the 
resolution of several amino adds. Five years 
later he became an independent investigator 
at the Rockefeller Institute, where he re- 
mained the rest of his life. During the First 
World War Jacobs's main activity was in the 
field of chemotherapy, and he made a major 
contribution through his discovery of Tryp- 
arsamide, effective in the treatment of Af- 
rican sleeping sickness. After the war he 
turned to the study of alkaloids, showed that 
many of those used in the treatment of heart 
disease were sterol derivatives, and later 
eluddated the complex structure of the ergot 
alkaloids. A modest person of exceptional 
chemical insight, Jacobs had an outstanding 
group of junior associates, among them Mi- 
chael Heidelberger (b. 1888), Robert Cooley 
Elderfield (1904-1979) and Lyman Creigh- 
ton Craig (1906-1974). 

Another distinguished member of the 
Rockefeller Institute who worked in Fischer's 



Laboratory was Donald Dexter Van Slyke 
(1883-1971). After his Ph.D. (1907) in or- 
ganic chemistry witti Moses Gombeig at 
Michigan, Van Slyke joined Levene, with 
whom he worked on the amino add com- 
position of casein hydrolysates. On Levene's 
recommendation, Fischer accepted Van 
Slyke as a guest; during his brief stay (1910) 
in Berlin Van Slyke studied the properties of 
pyrrole carboxylic add. His true genius be- 
came evident during 1911-1913 in his in- 
vention of a gasometric method for the de- 
termination of amino-nitrogen, and the use 
of this method to demonstrate (with Gustave 
Meyer) that proteins are cleaved completely 
to amino adds in the mammalian digestive 
tract and that amino adds disappear from 
the blood as it passes dirough \he tissues; 
this marked the final burial of the peptone 
theory of protein synttiesis. In 1914 Van 
Slyke became the chemist of the newly- 
opened hospital of the Rockefeller Institute; 
he worked there until 1949, and ended his 
days at the Brookhaven National Laboratory'. 
It is probably fair to say that through his 
many contributions to quantitative Hi«ir-ai 
chemistry Van Slyke influenced medical 
practice to a greater degree than any other 
biochemist of this century. He remained a 
chemist to the end; for many years he 
worked on the structure of a new amino add 
he had isolated from gelatin, and eventually 
showed it to be delta-hydroxylysine. 

The fourth American visitor to Rscher's 
Berlin institute whom I have induded in the 
list of those who later made significant con- 
tributions to the chemical or medical sci- 
ences, and the only one not assodated v^di 
the Rockefeller Institute, was the pathologist 
Harry Gideon Wells (1875-1943). In accor- 
dance with Fischer's policy of turning post- 
M.D. guests over to Abderhalden for training 
in the ester method, upcm his arrival in 1904 
Wells was assigned keratin for analysis. In 
addition to his many later contributions to 
pathology, of spedal biochemical signifi- 
cance was his demonstration of the inunu- 
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nolog^cal differences among tiie crystalline 
seed proteins provided by Thomas Burr Os- 
borne (1859-1929).''« 

These biographical notes about the more 
notable former members of the Fischer g;roup 
indicate the comidexity of the problem of 
assessing tfw role duit direct association widi 
a famous leader has played in tfie later work 
of his successful progeny. In the case of the 
few who followed in Fischer's scientific 
footsteps after an extended stay in his lab- 
oratory, a positive influence is unmistakable, 
it is more difficult, however, to estimate the 
extent to whidi membership in his research 
group, especially when relatively brief, was 
reflected in ttie subsequent scientific output 
of the others. Indeed, it is conceivable that, 
whatever respect they may have had for 
Fischer's chemical genius, some of those who 
achieved later distinction found the tasks he 
assigned to them uninteresting. Obviously, 
the mere designation as a Fischer-Schuler and 
a favorable recommendation from him could 
be decisive in a person's professional ad- 
vancement, but this says little about that 
person's choice of problems for independent 
research and the manner in which he tackled 
them. 

I turn next to the members of the Hof- 
meister group whose later achievements are 
noteworthy, and will consider these men in 
three categories: those who continued to 
work in the biochemical sciences, those who 
specialized in other scientific disciplines 
(botany, physiology, pharmacology), and 
those who became clinical investigators. 

Especially outstanding among the bio- 
chemists was Gustav Embden (1874-1933) 
who received his M.D. in Strassburg in 1899 
and during the succeeding four years largely 
worked in Hofmeister's institute. There he 
investigated several biochemical problems 
before choosing for his lifework the study of 
intermediate metabolism. In 1904 he moved 
to a hospital laboratory in Frankfurt-am- 
Main; ten years later he was appointed Pro- 
fessor of Vegetative Physiology at the newly- 



created university in that city, and remained 
there until his death at a time when he was 
subjected to harassment by Nazi students. 
Embden was a pioneer in the use of perfu- 
sion techniques for the study of chemical 
changes in mammalian organs, and applied 
ttiese methods fruitfully to the metabolic 
transformation of amino adds, fatty adds 
and sugars. During the 1920s his woik on 
carbohydrate metabolism in muscle comple- 
mented that of the Nobel prize winner Otto 
Meyerhof (1884-1951). The high point of 
Embden's efforts in this field came in the 
final year of his life. He conduded that fruc- 
tose-l,6-diphosphate is deaved into glyc- 
eraldehyde-3-phosphate and dihydroxyac- 
etone phosphate, and proposed a scheme for 
the conversion of glucose to lactic acid in 
muscle; this scheme was confirmed by Mey- 
erhof in succeeding years. The establishment 
during the 1930s of the so-called Embden- 
Meyerhof pathway of anaerobic glycolysis 
represents one of the great successes of 
modem biochemistry."' 

Among Embden's contemporaries at 
Strassburg was Franz Knoop (1875-1946).^° 
He obtained his M.D. in 1900 at Freiburg, 
and moved to Hofmeister's institute, where 
he performed the experiments which led him 
to propose that the metabolic breakdown of 
fatty adds involves ttie removal of 2-carbon 
units through oxidation at the j5-carbon. 
Knoop then returned to Freiburg where he 
later became Professor of Physiological 
Chemistry and after 1927 he held the same 
appointment in Tubingen. At both these 
universities he did important woric on the 
metabolism of amino adds and of pyravate; 
the aerobic oxidation of the latter metabolite 
was the subject of lively interest during 
1920-1935. In particular, serious attention 
was given to a cyclic pathway via four-car- 
bon dicarboxylic acids, based largely on the 
results of Knoop and of Thunberg, but this 
scheme had to be modified when Knoop and 
his assodate Carl Martius showed in 1936 
that dtric add also is an intermediate in the 
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aerobic oxidation of pyravate. The solution 
of the problem came in the following year 
through the decisive experiments of Hans 
Krebs to demonstrate the operation of what 
has come to be known as the Krebs citric 
add cycle. 

In addition to Embden and Knoop, two 
other junior members of the Hofmeister 
group, Ernst Josef Friedmaim (1877-1956) 

and Jacob Karol Pamas (1884-1949) later 
made outstanding contributions to the study 
of intermediate metabolism. Friedmann re- 
ceived both a Ph.D. (1902) and a M.D. (1905) 
for work he did at Strassburg. In addition to 
his achievement in establishing the structure 
of cystine, he conducted important studies 
on its metabolism in animals. In 1907 he re- 
turned to his native Berlin, where he became 
head of the chemistry laboratory in the 
medical clinic of the Charite hospital; there, 
his research included a distinguished series 
of investigations on the metabolic formation 
of ketone bodies. In 1930 he left Germany 
and went to Cambridge, England where he 
remained the rest of his life. 

Pamas was bom in Poland (then under 
Russian mle), studied organic chemistry in 
Germany, and obtained his Ph.D. (1908) in 
Munich for work done with Richard Will- 
statter. He then went to Hofmeister's insti- 
tute, where he worked on cephalin and 
aldehyde mutase before embarking on 
a lifelong investigation of carbohydrate 
metabolism in muscle. Pamas remained in 
Strassburg until 1916, when he returned to 
Poland; from 1920 to 1941 he was Professor 
of Physiological Chemistry in Lwow. There 
he established an important school, whose 
achievements included the elucidation of the 
phenomenon of ammonia formation during 
muscular contraction and the discovery of 
the enzymatic phosphorolysis of muscle 
glycogen. The process of anaerobic glycolysis 
in muscle is often termed the Embden-Mey- 
erhof-Pamas pathway.'^" 

Hofmeister's personal research in Prague 
dealt largely with proteins, and it is not sur- 



prising that several of his more notable for- 
mer associates continued in this field. Wolf- 
gang Pauli (1869-1955) worked for his M.D. 
dissertation (1892) in Hofmeister's labora- 
tory; after a few years of clinical service in 
Vienna, Pauli tumed to the study of the 
physical chemistry of proteins. He was 
among the first to f oUow up ttie observations 
of William Bate Haidy (1864-1934) on the 
movement of proteins in an electric field. 
During the course of his extensive studies on 
the electrophoresis of proteins, Pauli devised 
some of the early apparatus in the field. 
Through his many writings, especially sev- 
eral books, he became one of the leading ad- 
vocates of the colloid-chemical approa<^ to 
the study of proteins. In 1922 Pauli v^as ap- 
pointed Professor of Medical Colloid Chem- 
istry at Vienna, but was obliged to leave after 
the Nazis invaded Austria. 

Another Austrian, Otto von Furth (1867- 
1938), came to Hofmeister after his M.D. 
(1894) in Vienna, and accompanied him to 
Strassburg. During his association wi& Mof- 
meister, Fiirth began studies on muscle pro- 
teins, a subject he continued to pursue in 
later years. He also worked on the adrenal 
hormone he named Suprarenin, which was 
marketed under that name by Hochst; in this 
field he was in competition with the Amer- 
ican investigators Takamine and Akbrich 
who had crystallized Uie hormone and 
named it Adrenaline. Fiirth's interest in this 
substance stemmed from his earlier woik 
with Hofmeister on the chemical reactions 
of the tyrosine units of proteins; later he also 
studied the enzyme tjrrosinase and the mel- 
anins. Ftirth retumed to Vienna in 1905 and 
eventually became Professor of Medical 
Chemistry there.*" 

As was noted in a previous section of this 
essay, Hofmeister's most valuable junior 
colleague in Stiassburg was Karl Spiro, who 
made significant contributions to the study 
of the physical chemistry of proteins. ^"^ In 
his later professorship of physiological 
chemishy in Basel (1921-1932) Spiro fol- 
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lowed Hofmeister's example in encouiag^ig 
the independent efforts of his associates. 
Mention has also been made before of Law- 
rence J. Henderson's stay in Strassburg and 
of his relationship to Hofmeister and Spiro.^ 
Henderson later became Professor of Bio- 
logical Cheonistry at Harvard. Although not 
an enthusiastic experimenter, he performed 
outstanding studies on acid-base balance in 
biological fluids and he wrote several books 
{The Fitness of the Environment, The Order of 
Nature, Blood: A Study in General Physiology) 
that greatly influenced contemporary bio- 
logical thought. Still another member of the 
Hofitneister group who later adiieved con- 
siderable distinction was Ernst Peter Pick 
(1872-1960) who came to Strassburg after 
his M.D. (1896) in Prague. During the suc- 
ceeding three years he used the salting-out 
method in efforts to separate the peptide 
cleavage products of proteins. Pick then went 
to the Austrian Serum Institute in Vienna; 
there, with Friedrich Obermayer (1861- 
1925), he made the important discovery that 
chemical modification of a protein can pro- 
duce antigens which elicit the formation of 
antibodies specific for the modified protein. 
In 1911 Pick joined the Vienna pharmacol- 
ogist Hans Horst Meyer, and succeeded him 
as Professor of Pharmacology in 1924. Pick 
was forced to leave Wienta in 1938 and came 
to the United States where he continued 
pharmacological work, largely at the Merck 
Institute for Therapeutic Research. 

Among the more notable biochemical 
progeny of Hofmeister's Strassburg institute 
must also be included Wilhelm Stepp (1882- 
1964)and Henry Stanley Raper (1882-1951). 
Stepp went to Strassburg after his M.D. 
(1907) in Munich. At that time Hofmeister 
was increasingly drawn to the study of what 
he called "accessory nutrients," and Stepp's 
demonstration in 1909 of the nutritional re- 
quirement for a fat-soluble factor was one 
of the important events at the beginning of 
the vitamin era. Stepp later became Professor 
of Medicine, first at Jena, then in Munich, 



'^ere he conducted an active program of 
research in the \itamin field. Raper began in 
1902 as an organic chemist with Julius Ber- 
end Cohen (1859-1935) in Leeds and then 
joined John Beresford Leathes (1864-1956) 
in studies on fat metabolism at tilie Lister In- 
stitute. It should be noted that during the 
first decade of this century, die Lister Insti- 
tute was the principal center of British bio- 
chemical research; in addition to Leathes, 
there were Harden and Young, Charles 
James Martin (1866-1955) and Henry Drys- 
dale Dakin (1880-1952). During his associ- 
ation with Leatties, Raper was encouraged 
to spoid a year (1905-1906) in Strassburg, 
and worked there on the separation of the 
enzymic cleavage products of proteins. In 
1910 Raper obtained a D.Sc. at Leeds and 
qualified for medical practice; in 1923 he be- 
came Professor of Physiology at Manchester. 
He made significant contributions to the 
study of fat metabolism along the lines ini- 
tiated by Knoop and to the duddation of the 
role of tyrosinase in the formation of mela- 
nins. Friedrich Czapek (1868-1921) worked 
in Hofmeister's Prague laboratory during the 
course of his medical studies. After receiving 
the M.D. degree in 1892, Czapek began 
studies in plant physiology with Wilhelm 
Pfeffer (1845-1920) in Leipzig, and in 1894 
obtained his Ph.D. in Vienna. Czapek later 
became Professor of Botany in Prague and 
shortly before his death had been selected 
to be Pfeffer's successor. Czapek's many 
contributions to plant biochemistry and 
physiology, as well as his book Die Biochemie 
der Pflanzen (dedicated to Hofmeister and 
Pfetf er), gave evidence of his wide-ranging 
biochemical interests.*" 

In addition to Pick, four other former 
Hofmeister associates became noted phar- 
macologists. The most famous of them was 
Otto Loewi;^"* the others were Julius Pohl 
(1861-1942), Alexander ElUnger (1870- 
1923) and Siegfried Loewe (1884-1963). 
Pohl had been a student and assistant of 
Hofmeister before succeeding him as Pro- 
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fessor of Pharmacology in Prague, where he 
did important work on the metabolism of 
alcohols, the action of bromoacetic add on 
muscle, and the toxicity of chloroform; in 
these investigations Pohl drew conclusions 
that were accepted only many years later. 
Ellinger obtained his Ph.D. (1892) in organic 
chemistry and then pursued medical studies 
in Strassburg, where he worked with Spiro 
on the anticoagulant action of peptones. In 
1897 Ellinger went to Max Jaffe (1841-1911), 
the noted biochemist who was Professor of 
Pharmacology at Konigsberg, where Ellinger 
obtained his M.D. degree. He succeeded Jaffe 
but in 1914 moved to ^e newly-created 
university in Frankfurt. Before his untimely 
death, EUinger conducted outstanding bio- 
chemical research on the chemistry and me- 
tabolism of several amino acids, notably 
tryptophan, and on various pharmacological 
problems; like other noted former members 
of the Hofmeister group, he encouraged the 
independent efforts of his junior associates. 
Loewe worked with Hofmeister for his M.D. 
thesis (1908) on the cleavage of proteins by 
pepsin. Shortly afterward Loewe began re- 
search in pharmacology with Wolfgang 
Heubner (1877-1957) in Gottingen, and re- 
mained there until 1921 when he was ap- 
pointed Professor of Pharmacology in Dor- 
pat (Tartu). Loewe moved to Mannheim in 
1928, but was forced to leave Germany five 
years later; during the remainder of his life 
he worked at Cornell Medical College and 
the University of Utah. Loewe's distin- 
guished contributions to pharmacology in- 
cluded studies on sex hormones and the ac- 
tive ingredients of hashish.*^^ 

The association of the ph)rsiologist Al- 
brecht Bethe (1872-1954) with the Hof- 
meister group was in one sense brief, through 
his work in 1905 on the staining of tissues, 
and in another sense lengthy, because of his 
leading role in bringing together the younger 
members of various departments in the 
Strassburg medical faculty. Bethe received 
his M.D. (1898) in Strassburg for a study on 



the histology of nerve cells, and in succeed- 
ing years won renown for his investigations 
on nerve conduction, the permeability of tis- 
sue membranes and the periodicity of phys- 
iological processes. He left Streissburg in 1 9 11 
to go to Kiel, and four years later became 
Professor of Physiology at Frankfurt, where 
he joined his former Strassbuig colleagues 
Embden and Ellinger."' 

To conclude this set of sketches, nnention 
must be made of the more notable former 
Hofmeister associates who made their rep- 
utation through distinguished contributions 
to dinical investigation. The first of diese was 
Friedrich Kraus (1858-1936) who became an 
assistant in Hofmeister's Prague institute af- 
ter receiving his M.D. there in 1882. After 
serving as Professor of Medicine in Graz 
(1894-1902), Kraus was appointed to the 
prestigious chair of medicine at the Charite 
Hospital in Berlin, where he established a 
productive school; his studies dealt laigdy 
with metabolic and cardiovascular dasotdas. 
bi 1927 Kraus was succeeded at the Chaiite 
by another former Hofmeister student, Gus- 
tav von Bergmann (1878-1955), who had 
received his M.D. (1903) in Strassburg for 
work on the metabolic conversion of cystine 
to taurine. Bergmann then joined Kraus and« 
after holding posts in Hamburg and Mar- 
burg, returned to Berlin, where he continued 
to make significant contributions to the stucty 
of metabolic dysfunctions. Still another 
Hofmeister student in Prague was Adalbert 
Czemy (1863-1941); he received his M.D 
in 1888 and later was successively Professor 
of Pediatrics in Breslau, Strassburg and (after 
1913) in Berlin. Czemy conducted notable 
investigations on ^e clinical aspects of 
digestion and metabolism in children.*^ 

To these distinguished clinicians must be 
added Adolf Magnus-Levy (1865-1955). 
Leon Blum (1878-1930), Hans Eppinger 
(1879-1946) and Ernst Freudenberg (1884- 
1967). Before coming to Strassburg, Magnus- 
Levy had obtained his M.D. (1890) in Leipzig 
and his Ph.D. in chemistry (1893) in Erlan- 
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gen, and in 1895 had discovered the relation 
of the thyrcnd to the respiratory exchange 
(basal metabolic rate). In Bemhard Naunyn's 
Strassburg diniC/ Magnus-Levy also eluci- 
dated the cause of diabetic acidosis and 
found time to work in Hofmeister's labora- 
tory on the crystallization of the Bence-Jones 
protein by the salting-out method. In 1901 
he moved to Berlin, where he had a private 
medical practice and conducted research on 
various clinical subjects at the Charite hos- 
pital. After having been arrested by the Na- 
zis, Magnus-Levy succeeded in coming to the 
United States in 1940. Blum was one of the 
several Frenchmen whom Hofmeister en- 
couraged during the German occupation of 
Alsace-Lorraine. His M.D. dissertation (1901) 
dealt with the nutritional quality of albu- 
moses and he also worked on the metabolism 
of cystine. As one of Naunyn's assistants 
Blum made notable contributions to the 
study of diabetes and other metabolic dis- 
orders; upon the reversion of Strasbourg to 
French rule in 1918, Blum became Professor 
of Medicine there. Eppinger, a student of 
Friediich Kraus in Graz, received his M.D. 
there in 1903, and then worked in Hofmeis- 
ter's laboratory on the metabolic formation 
of urea and allantoin. After several years as 
an associate of the noted clinician Carl von 
Noorden in Vienna, Eppinger became Pro- 
fessor of Medicine in Freiburg, but returned 
to Vienna in 1933 to head the Fust University 
Medical Clinic. His research interests were 
very broad, and he made significant contri- 
butions to the study of numerous clinical 
problems. Freudenberg spent a year (1912- 
1913) with Hofmeister after his M.D. in 
Munich, and worked on fat metabolism. Af- 
ter military service in the First World War 
he became Professor of Pediatrics at Mar- 
burg, but was dismissed in 1933 and moved 



to Basel where he held tiie same post un- 
til 1954. Freudenberg's principal research 
achievements were in the study of metabolic 
disorders in children. 

The assessment of Hofmeister's contri- 
bution to the success of his scientific progeny 
is fraught with as much uncertainty as in the 
case of the notable former members of the 
Fischer group. That there was considerable 
positive influence is indicated by the later 
research, as well as the testimony, of several 
Hofmeister people, but the contrary evidence 
offered by Lawrence J. Henderson cannot be 
disregarded. I believe, however, that both 
the numerical data in Table 2 and my qual- 
itative estimates of the subsequent achieve- 
ments of two dozen successful former mem- 
bers of each group support the conclusion 
that the educational contributions of Fischer 
and Hofmeister to the advancement of the 
biochemical sciences were more nearly equal 
than is implied by the disparity in the place 
accorded these two men in the history of the 
sciences. Moreover, the examinahon of their 
research groups suggests that selective ge- 
nealogical tables offer little insight into the 
relation of the fame of a group leader to the 
later renown of his scientific progeny. For 
the fuller understanding of the development 
of the biochemical sciences, historians need 
to look more closely at productive research 
groups whose leaders received modest rec- 
ognition for their personal research, and not 
only at individuals whose names are directly 
associated with great scientific advances. 
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23. E. Rsdter, "Ueber die Hydrazinverbindui^en," 
Liebigs Annaleti dcr Chemie 190 (1878): 67-183; 
199 (1879): 281-332. 



24. E. Fischer, Aus Meinem Leben (Berlin 1922), 77. 

25. For accounts of Fischer's work on indoles see 
P. A. Roussel, "The Fischer Indole Synthesis," 
Journal of Chemical Education 30 (1953): 122-125 
and B. Robiiuon, The Fischer Indole Synthesis (New 
York 1983). Among the many artides about Fisch- 
er's work on sugars especially noteworthy are: C. 
S. Hudson, "Emil Fischer's Discovery of the Con- 
figuraticm of Glucose," Journal of Chemical Edu- 
cation 18 (1941): 353-357; "Historical Aspects of 
Emil Fischer's Fundamental Conventions for 
Writing Stereo-formulas in a Plane," Advances in 
Carbohydrate Chemistry 3 (1948): 1-22; K. Freu- 
denberg, Emil Fischer and his Contribution to 
Caibohydxate Chemistry," ibid. 21 (1966): 1-38. 

26. E. Fischer, "Einfluss der Konfiguralion auf die 
Wirkung der Enzyme I, " Berichte der deutschen 
chemischen Gesellschaft 27 (1894): 2985-2993. 

27. E. Fischer, "Synthesen in der Puringruppe," ibid. 
32 (1899): 435-504. For Ludwig Medicus (1847- 
1915) see L. Reitzenstein, ibid, 48 (1915): 1744- 
1748. 

28. Albrecht Kossel (1853-1927) was the most pro- 
ductive disciple of Felix Hopp)e-Seyler, and be<3me 
Professor of Physiology at Heidelberg. His chem- 
ical work between 1880 and 1895 on the material 
that Friedrich Miescher had named nuclein laid 
tt»e groundwork for later research on nucleic adds. 
In addition to adenine and guanine, Kossel isolated 
thymine, whidi Rsdier syntheazed in 1901. After 
1895 Kossel made important contributions to pro- 
tein chemistry. He received the Nobel Prize in 
phyriology or medicine for 1910. See S. Edlbacher, 
"Albrecht Kossel zum Gedachtnis," Zeilschrift fur 
physiologische Chemie \77 (1928): 1-14 and M. E. 
Jones, "Albrecht Kossel, a Biographical Sketdi," 
Yale Journal of Biology and Medicine 26 (1953): 80- 
97. 

29. C. V. Ratnam, "Depsides: A Synthesis by Emil 
Fischer," Journal of Chemical Education 38 (1961): 

93-94, 

30. The format of all these volumes was established 
by Fischer himself, and he edited the first four: 
Untersuchungen ubcr Aminosffuren, Polypeptide und 
Proteine 1899-1906 (Berlm 1906); Untersuchungen 
in der Puringruppe 1882-1906 (Berlin 1907); Un- 
tersuchungen uber Kohlenhydrate und Fermente 
1884-1908 (Berlin 1909); Untersuchungen Uber 
Depside und Gerbstoffe 1 90S- 1 91 9 (Berlin 1919). The 
fourth one was completed shortly before Fischer's 
death, and the final stages of its publication were 
supervised by Max Bergmann, who also edited the 
later volumes: Untersuchungen uber Kohlenhydrate 
und Fermente U 1908-1919 (Berlin 1922); Unter- 
suchungen liber Aminosd'uren, Polypeptide und Pro- 
teine U 1907-1919 (Berlin 1923); Untersuchungen 
Uber Triphenylmeihanfarbstoffe, Hydrazine und In- 
dole (Berlin 1924); Untersuchungen aus Verschie- 
denen Gebieten (Berlin 1924). The last contains sd- 
entific artides that did not appear in the earlier 
volumes as well as various lectures and obituary 
nobces written by Fischer. Bergmann also arranged 
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for the publication of Fischer's autobiography (up 
to about 1900) written near the end of his life (see 
note 24). 

31. A valuable study of Fischer's research group has 
been prepared by L. Lasker, "Characterische Be- 
sonderheiten der Schule von Emil Rscher," in 
Mikulinsky et al. (see note 4), Vol. 2, pp. 99-112. 

32. Fischer's pharmaceutical patents, especially those 
for the barbiturate Veronal and for Safodin (an 
iodine compound designed to release iodide 
slowly) were esf)ecially profitable. His relations to 
leaders of the German chemical industry were 
cordial, and very close in the case of Carl Duisberg 
(1861-1935), head of Friedrich Bayer and Co., 
Leverkusen. They had met in 1883 when Duisberg 
was a student in Baeyer's institute in Munich, and 
their extensive correspondence continued until 
Fischer's death. See C. Duisberg, "Emil Fischer 
und die Industrie," Berichte der deutschen chem- 
ischen Gesellschaft 52A (1919): 149-164. Rscher 
also had close connections to other chemical com- 
panies, especially those (such as C. F. Boehringer 
and Sons, Waldhof-Mannheim) where several of 
his former students or assistants had risen to ex- 
ecutive positions. 

33. From data in the archives of the Humboldt Uiti- 
versity, Lasker (note 31) estimated that around 
1905 Fischer had about 10 coworkers; although 
not stated, presumably this number refers to paid 
research assistants. Ten years later, after the out- 
break of the war, only two people (Max Bergmann, 
Charlotte Rund) occupied Fischer's Privatlabora- 
torium, and in the large student laboratory there 
were only 6 Praktikanten, 3 of whom were women. 
Earlier, Fischer did not encourage women to un- 
dertake work toward the Ph.D. in chemistry; see 
Aus meinem Leben (note 24), 192. 

34. See A. Busch, Die Geschichte der Privatdozenten 
(Stuttgart 1959); "The Vicissitudes of the Privat- 
dozent: Breakdown and Adaptation in the Recruit- 
ment of the German University Teacher," Minerva 
1 (1963): 319-341. For an incisive account of the 
assistantship system in pre- World War U Germany, 
see K. D. Bock, Strukturgeschichte der Assistentur 
(Diisseldorf 1972). A valuable account of Gemtan 
student life has been prepared by K. H. Jarausch, 
Students, Society and Politics in Imperial Germany 
(Princeton 1982). For a detailed compilation of data 
on the changes in the composition and social or- 
igins of the faculties of German universities see 
C. von Ferber, Die Entwicklung des Lehrkd'rpers der 
deutschen Universit/lten und Hochschulen 1864-1954 
(Gottingen 1956). From these sources it is clear 
why German scientists were largely drawn from 
the upper middle class, since the sons of titled 
families tended to enter militar\- or civilian gov- 
ernment service and, owing to the cost and un- 
certainty of the road to a university professorship, 
it was closed to sons of workers and small farmers 

35. M. Bergmann, "Emil Fischer, " in Das Buch der 
grossen Chemiker (Berlin 1929, 1930), 2: 408-420; 
for the quotation see 415. 

36. M. O. Forster (note 21), 1158. 



37. J. B. Herrick, Memories of Ei^hf Years (Chicago 
1949), 130-131. 

38. F. Hemedc, "Emil Fischer als Mensdt und 

Forscher," Zeitschrift fur Chemie 10 (1970): 41-48; 
for the quotation, see 45. For a history of the Berlm 
Chemical bi^tute, see K. Hein^ "Das Chemische 
Institut der Berliner Universitat unter der Leitung 
von August Wilhelm Hofmann und Emil Fischer, 
Forschen und Wirken: Festst^rift zur 150-/«lir-Frirr 
der Humboldt-Universitit zu Berlin (Berlin 1960), 
1: 339-357. In his admirable account of the re- 
search group led by Justus von lieUg at Gicasc a 
Morrell (see note 1) stressed Liebig's encourage- 
ment of self-reliance and independent thou^L 
Some of his famous students, notably A. W. Hof- 
mann, followed his example. Beginning v>ith Adolf 
von Baeyer, however, a more dictatorial attitude 
became the prevailing norm in German univernty 
institutes of organic chemistry. 

39. L. Levwn, "Fine toxikologische Erinnerung an Emil 
Fischer," Natunvissenschaften 7 (1919): 87B-892. 

40. R. Giinther, "... Vertrauen auf die Weisheit einer 
Hohen Staatsregierung . . . Die Benifung des 
Nobelpreistragers Emil Fisdier," WSrzburg-Heute 
29 (March 1980): 21-22. 

41. Aus meinem Leben (note 24), 126. 

42. E. Trendelenburg, "Emil Fischer in seiner Betatig- 
ung fiir die deutsche Wissenschaftspflege." N«- 
turwissenschaften 7 (1919): 873-876. See also G. 
Wendel (note 3). 

43. Letter from Fischer to Abderhalden, 14 March 
1912, Bancroft Library. It is difficult to sunnise 
who particularly aroused Fischer's ire; possible 
candidates for this distinction are Phoelnis A. 
Levene and Thomas B. Osborne. 

44. See K. Schwabe, Wissenschaft und Kriegsmortl 
(Gottingen 1969), 22-23. For the full text of the 
Aufruf and a complete list of the signers, see fi 
Kellermann, Der Krieg der Geister (Dresden 1915), 
pp. 64-68. The other chemists on the list were von 
Baeyer, Karl Engler, Fritz Haber, Wilhelm OstwaM 
and Richard Willstatter. The medical sciences woe 
represented by Emil von Behring, Paul Ehrlich, 
Albert Neisser, Wilhelm Rongten, Max Rubner, 
Wilhelm Waldeyer and August von Wassermann 
A notable omission is the name of Albrecht Kos^el 

45. A. Weinberg, "Emil Fischers Tatigkeit wahrend des 
Krieges," Naturwissenschaften 7 (1919): 868-873 

46. For a perceptive account, based largely on the 
Fischer collection in the Bancroft Library, see 
G. D. Feldman, "A German Scientist between 0- 
lusion and Reality: Emil Fischer 1909-1919," in 1 
Geiss and B. J. Wendt (Eds.), Deutschland ;>j dfr 
Weltpolitik des 19. und 20. Jahrhunderts (Diisseldorf 
1973), 341-362. 

47. The published biographical material about Franz 
Hofmeister is much less extensive than that for 
Emil Fischer. The most important source n J. Pohl 
and K. Spiro, "Franz Hofmeister, sein Leben and 
Wirken, " Ergebnisse der Physiologie 22 (1923): 1- 
50. Other articles, mostly obituary notices, will be 
mentioned later in this essay. 

48. W. Koerting, Die Deutsche Universitdl in Prag. Du 
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letzten hundert John Oirer Medizinachen FakultUt 
(Munich 1968). This work contains material pub- 
lished by Koerting in Bayerisches Anteblatt 22 
(1967): 802-818, dealing with the Departments of 
Physiology, of Physiological and Medical Chem- 
istry, and of Pharmacology. 

49. Ewald Hering (1834-1918) is best known for his 
theories of vision and the fact that in 1870 he suc- 
ceeded Jan Purkyne at Prague and in 1895 Carl 
Ludwig at Leipzig. See V. Kruta, Dictionary of Sci- 
entific Biography (New York 1972) 6: 299-301. 
Hering's artide "Zur Theorie der Vorgange in der 
lebendigen Substanz," Lotos 37 (1888): 35-70 may 
have stimulated Hofmeister's interest in intracel- 
hilar metabofism. For Hugo Huppert (1 834-1904) 
see R. von Zevnek, Prager medninische Wochen- 
schnft 29 (1904): 593-596. 

50. For an account of the peptone theory of protein 
synthesis see J. S. Fruton, Molecules and Life (New 
York 1972), 431-432. By 1912 it was clear that 
amino adds, not peptones, are the metabolic pre- 
cursors of blood proteins, and O. von Fiirth wrote 
in his Probleme der physiologischen und patholo- 
gischen Chemie (Lei|nig 1912), 1: 77: "There are 
few chapters in physiological chemistry that show 
more dearly the rapidity with which sdentific ideas 
change than the doctrine of ttie albumoses and 
peptones. . . . How little of what I learned with 
great pains has importance today, and how many 
of the problems that the previous generation of 
physiologists fought about so passionately have 
lost for us any sense or significance." 

51. A student of Felix Hoppe-Seyler, Oswald Schmie- 
deberg (1838-1921) was a leading figure in the 
establishment of pharmacology as an independent 
discipline in German medical faculties. Apart from 
his important pharmacological studies (for ex- 
ample, on muscarine), he made significant bio- 
chemical contributions in his work on the crys- 
tallization of seed globulins, the nature of glyco- 
proteins, tfie metabc^ osddation of foreign organic 
substances and the biosynthesis of urea and of 
hippuiic add. See H. H. Meyer, "Schmiedebergs 
Weik," Archiv fur experimentelle Pathologie und 
Pharmakologie 92 (1922): i-xxvii; J. Koch-Weser and 
P. J. Schachter, "Schmiedeberg in Stras^rg 1 872- 
1918: The Making of Modem Pharmacology," Life 
Sciences 22 (1978): 1361-1371. 

}2. A useful discussion of the Hofmeister series, and 
a biographical sketch, was published by J. L 
Abemelhy, "Franz Hofmeister: The Impact of his 
Life and Research on Chemistry," Journal of 
Oiemicttl Education 44 (1967): 177-180. A brief 
biographical note about Camille Mehu (1835- 
1887) was prepared by E. V. McCoUum, ibid. 33 
(1956): 507. For the crystallization of egg albumin 
see F Hofmeister, "Uber die Darstellung von kris- 
tallisierten Eieralbumin und die Kristallisierbarkeit 
koUoider Stoffe," Zeitschrift fffr physiologische 
Chemie 14 (1889): 165-172. 

p 3 . A representative treatise during the first decade of 
this century was H. FreundHch, Kapillarchemie 
(Leipzig 1909). 



54. ). Pohl, "Ueber die Oxydation des Methyl- und 

Aethvlalcohols im Thierkorper," Archiv fur exper- 
imentelle Pathologie und Pharmakologie 31 (1893): 
281-302; "Ueber den oxydativen Abbau der Fett- 
sauren im thierischen Oiganismus," ibid. 37 
(1896): 413-425. 

55. F. Hofmeister, "Ueber die Bildung des Hamstoffs 
durch Oxydation," ibid. 37 (1896): 426-444; 
"Ueber Methylierung im Thierkorper," ibid. 33 
(1894): 198-215. 

56. A neariy complete list of the papers published from 
Hofmeister's successive laboratmies in Prague, 
Strassburg and Wurzbuig was prepared by Pohl 
and Spiro (note 47). 

57. For appreciations of the important nrfe of Felix 
Hoppe-Seyler (1825-1895) in the emergence of 
physiological chemistry during the nineteenth 
century, see E. Baumann and H. Kossd, "Zur Er- 
innerung an Felix Hoppe-Seyler," Zeitschrift fur 
physiologische Chemie 21 (1895): i-bd and H. 
Thierfelder, Felix Hoppe-Seyler (Shittgart 1926). 

58. Archives du Bas-Rhin, Strasbourg, AL103, Paquet 
194 no. 1028; Paquet 258 no. 1208. 

59. See R. von Zeynek,"GustavHafner 1840-1908," 
ZeUschrift fur physiologische Chemie 58 (1908): 1- 
38; A. Wankmiiller, "Die Professoren und Doz- 
enten der Physiologisdien Chemie in Tdbingen," 
in A. Hermann and A. Wankmiiller (Eds.), Physik, 
Physiologische Chemie und Pharmazie in Tubingen 
(Tiibingen 1980), 41-77. 

60. Eugen Baumann (1846-1896) was Professor of 
Chemistry at Freiburg in Breisgau. See A. Kossel, 
"Eugen Baumann," Zeitschrift fur physiologische 
Chemie 23 (1897): 1-22 and M. Spaude, Eugen Al- 
bert Baumann (Zurich 1973). 

61. Pohl and Spiro (note 47), 14. 

62. Archives du Bas-Rhin, Strasbourg, AL103, Paquet 
259 no. 1211. 

63. F. Hofmeister, "Einiges fiber die Bedeutung und 
den Abbau der Eiwdsskfiiper," Anhiv fur exper- 
imentelle Pathologie und Pharmakologie (1908) 
Suppl,, 273-281. 

64. F. Hofmeister, Die chemische Organisation der Zelle 
(Braunschweig 1901); see R. E. Kohler, "The En- 
zyme Theory and the Origins of Biochemistry," 
/sis 64 (1973): 181-196 and M. Horkin, A History 
of Biochemistry (Amsterdam 1975) Part III, p. 26. 

65. F. Hofmeister, "Vom chemisch-morphologischen 
Grenzgebiet," Zeitschrift fur Morphologic und An- 
thropologic 18 (1914): 717-724. 

66. F. Hofmeister, Chemische SteuerungsvorgcHrigc im 
Tierkdrper (Strassburg 1912); "Uber qualitativ un- 
zureidiende Emlhiung," Ergebnisse dier Physiologie 
16(1918): 1-39, 510-589. 

67. F. Hofmeister, "Willy Kiihne," Berichte der 
deutschen chemiachen GcKllachaft 33 (1900): 3875- 
3880. 

68. Karl Spiro (1867-1932) later became Professor of 
Physiological Chemistry at Basel; see L. Asher, 
'Karl Spiro," Ergebnisse der Physiologie 34 (1932): 
1-17. Max Koppel (1890-1916) was a promising 
medical student, killed in action during the First 
World War. Their joint paper, M. Koppel and K. 
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Spiro, "(jber die Wirkung von Moderatoren (Puf- 
fem) bei der Verschiebung des Saure-Basen- 
gleichgewichts in biologischen Fliissigkeiten," 
Biochemische Zeitschhft 65 (1914): 409-439 has 
been translated into English by A Roos and W. F. 
Boron, "The Buffer Value of Weak Acids and Bases 
. . ," Respiration Physiology 40 (1980): 1-32. 

69. J. Pamas, "Uber fermentative Beschleunigung 
der Cannizzaro'schen Aldehydumlagerung diirch 
Gewebssafte," Biochemische Zeitschrift 28 (1910): 
274-294. Pamas came to Hofmeister after receiv- 
ing his Ph.D. (1908) in organic chemistry with 
Willstatter. He later became the leader of an im- 
portant Polish school of biochemistry and made 
decisive contributions to the study of bitermediate 
carbohydrate metabolism; see C. Lutwak-Mann 
and T. Mann, "The Pamas School," Trends in Bio- 
chemical Sciences 6 (1981): 309-310. 

70. F. Knoop, Der Abbau aromatischer Fettsi'uren im 
TierkHrper (Freiburg 1904). For biographical notices 
about Franz Knoop (1875-1946) see K. Thomas, 
"Franz Knoop zum Gedachtnis," Zeitschrift fiir 
physiologische Chemie 283 (1948): 1-8 and P. Ohl- 
meyer, "Probleine des Zwischenstoffwediseb: 
Gedenkblatt fiir Franz Knoop/' Angewandte Chemie 
60 (1948): 29-33. 

71. Between 1901 and 1908 many of these papers ap- 
peared in a journal that Hofmeister founded, Bei- 
trdge zur chemischen Physiologie und Pathologie: 
Zeitschrift far die gesamte Biochemie. In tite absence 
of adequate documentation, his reasons for estab- 
lishing this journal are unclear; one possibility is 
that his associates had encountered difficulties in 
gaining access to the Zeitschrift fiir physiologische 
Chemie, although many of the Strassburg papers 
appeared there between 1897 and 1901. Hof- 
meister's jounial ceased publication because he 
dedded to merge it widi the Biodiemische Zeit- 
schrift, founded in 1906 by Carl Neuberg (1877- 
1956). 

72. The two quotations are from pp. 76-77 and 161- 
162 of the typescript of Henderson's unpublished 
Memories, written at about 1936-1939, and de- 
posited in the Harvard University Archives (HUG 
4450.7.2). I am greatly indebted to Henderson's 
son, Lawrence J. Henderson, for permission to 
quote selected passages from this autobiographical 
memoir, and to Clark A. Elliott, Associate Director 
of the Archives, for making it available to me for 
perusal. A description of the Henderson papers 
has been prepared by J. Parascandola, "Notes on 
Source Materials: The L. J. Henderson Papers at 
Harvard," Journal of the History of Biology 4 (1971): 
115-118. There are many biographical articles 
about Lawrence J. Henderson (1878-1942); the 
most extensive one is by W. B. Cannon, Biograph- 
ical Memoirs of the National Academy of Sciences 
USA 23 (1943): 31-58. 

73. See K. Thomas (note 70); K. Boresch, "Friedrich 
Czapek," Berichte der deutschen botanischen Ge- 
sellschaft 39 (1921-1922): (97)-<114); P. EUinger, 
"Alexander Ellinger 1870-1923," Ergebnisse der 



Physiologie 23 (1924): 139-179; G. Katsch. 

"Nachruf fiir Gustav von Bergmann, Miinchener 
medizinische Wochettschrift 97 (1955): 1398-1400; 
H. J. Deuticke, "Gustav Embden," Ergebnisse der 
Physiologie 35 (1933): 32-48; J. S. Mitchell, 'Prof 
E. J. Friedmann," Nature 178(1956): 397; P. Hart- 
ley, "Henry Stanley Raper 1882-1951, " Obituary 
Notices of Fellows of the Royal Society 8 (1952-1953): 
567-582. 

74. O. Loewi, "An Autobiographical Sketch, Per- 
spectives in Biology and Medicine 4 (1960: 1-28 
"The first of the two major discoveries made by 
Otto Loewi (1873-1961) was his demonstration in 
1902 that an extensively-digested (biuret-free) au- 
tolysate of fMncreatic protein can replace intact 
protein in the animal diet. This contribution, clearlv 
related to Hofmeister's earlier work on peptones, 
together with that of Otto Cohnheim (1 873-1953) 
on the cleavage of peptones bv the "erepsin" of 
intestinal mucosa, provided decisive evidence 
against the peptone titeory of protein synthesis 
Loewi's other major achievement, for which he 
was awarded a Nobel Prize in 1936, was the dis- 
covery of die role of the V«^9Sfo^(later i d e n ti fi e d 
as acetylcholine) in the chemical mediation of 
nerve impulses. See F. Lembeck and W. Ciere, Otto 
Loewi, ein Lebensbild in Dokumenten (Berlin 1968) 
and G. L. Geison, Dictionary of Scientific Biogrtpkn 
(New York 1973) 8: 451-457. 

75. K. Spiro, "Franz Hofmeister, ' Archiv fiir expen- 
mentelle Pathologie und Pharmakologie 95 (1922): 
i-vii. 

76. E. Abderhalden, "Franz Hofmeister," Medizuusdte 
Klinik 18(1922): 1167-1168. 

77. This sketch of ttie life and personality of Hof- 
meister is based almost entirely on putriished ma- 
terial, and may require revision if a major ooOectkn 
of his personal papers is found. Despite an inten- 
sive search in Strasbourg, Wiirzburg and else- 
where, I have located only a dozen of his letters. 
Perhaps his papers were destroyed during the 
World War 11 bombardment of Wiirzburg, but 
there appears to be no record of them in the uni- 
veraity archives. Of special interest would be Hof- 
meister's Tagebuch, mentioned in Pohl and Spiro 
(note 47). 

78. See G. Embden, "Franz Hofmeisler," Klinisdie 

Wochenschrift 39 (1932): 1974-1975. 

79. Letter from Fischer to Baeyer, 5 December 1905. 
Bancroft library. For the lecture see E. Hsdwr. 
"Untersuchungen iiber Aminosauren, Polypeptide 
und Proteine," Berichte der deutschen chemischen 
Gesellschaft 39 (1906): 530-610. The book was the 
first in a series of volumes containing Fischers 
collected papers and lectures; a collection of his 
papers in the protein field published after 1906 
appeared posthumously (see note 30). 

80. In an obituary notice for Albrecht Kossel, A P 
Mathews, Science 66 (1927): 293, stated that 
Fischer's work on the "synthesis of artificial or 
synthetic proteins" was undertaken "at Professor 
Kossel's suggestion and request." The validity of 
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this daim is uncertain, as Rsdier had already in- 
dicated in 1893 (before Koasd entered the protein 
field) his interest in "the complete analysis and 
syndiesis of proteins." See E. Rsdier, "Antiitisiede 
. . . ," SHzung^ferichte der Akademie der Wisten- 
schaften zu Berlin (1893): 632-636. 

81. £. Fischer, "Synthetical Chemistry in its Relation 
to Biology," Journal of the Owmicai Sodety 91 
(1907): 1749-1765. 

82. M. Bergmann and L Zervas, "Uber eine neue 
Methode der Peptkbynthese/' Bmthte der deut- 
schen chemischen Gesellschaft 65 (1932): 1192- 
1 20 1 . For an account of the historical background 
of tfiis medKMi see ). S. I¥olon, 'HThe Caibobenzoocy 
Method of Peptide Synthesis," Trends in Biochem- 
ical Sciences 7 (1982): 37-39. For Max Bergmaim 
(1886-1944) see C. R. Harington, "Max Berg- 
rrumn," Journal of the Chemical Society (1945): 716- 
718. The more extensive notice bv B. Helferich, 
"Max Bergmarui/' Chemische Beric'hte 102 (1969): 
i-xxvi is inaccurate. For Leonidas Zervas (1902- 
1980), see P. G. Katsoyanitis, The Chemistry of 
Polypeptides (New York 1973), 1-20. 

83 . It should perhaps be noted that, despite his daims 
for it, Fischer's ester method did not constitute a 
quantitative analytical procedure for the deter- 
mination of the amino add composition of pro- 
tons, since die manipulations mMle it impossiUe 
to recover the individual amino acids in amounts 
that approximated those in the hydrolysates. No 
indication was given in Rsdier's papers of sys- 
tematic efforts to estimate the losses that were in- 
curred, for example by adding a known quantity 
of a given amino add, and determining whetiier 
it could be accounted for in yield of that amino 
add at tlie end of the analytical process. Moreover, 
most of tiie proteins emfrfoyed in Abdeiiialden's 
analyses were inhomogeneous materials. Finally, 
the isolation of the diaminotrioxydodecanic add 
by Abderiudden proved to be ineprodudble, aiKl 
in 1913 Fischer withdrew his claim for it as a pro- 
tein amino add. For a critical appraisal of the re- 
sults obtained by Abderhalden in Fischer's labo- 
ratory see T. B. Osborne and H. H. Guest, "Hy- 
drolysis of Casein," Journal of Biological Chemistry 
9 (1911): 333-353. 

84. See E. Fischer (note 79), 607-608. The influence 
of Fischer's suggestion regarding piperazine rings 
on protein research during the 1920's has be«i 
disoissed by J. S. Fruton, "Early Theories of Protein 
Structure," Annals of the New York Academy of Sci- 
ences 325(1979): 1-18. 

85. Letter, Fischer to Barker, 18 April 1906, Bancroft 
Library. 

86. E. Fischer, "Synthese von Depside, Flechtenstoffe 
und Gerbstoffe," Berichte der deutschen chemischen 
Gesellschaft 46 (1913): 3253-3288. 

87. E. Fischer, Unlersuchuni^cn li'her Aminosi'uren, 
Polypeptide und Proteine 11 (Berlin 1923), 40. 

88. F.Hoftneister(rK>te 63). A summary of early efforts 
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(1952): 261-266. In a letter to Fischer dated 21 
October 1901, Foumeau thanks him for the re- 
prints "du petit travail sur I'anhydiide du glyco- 
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After this paper had gone to press, 1 read the recent article by H. A. M. Snelders, "J. J. van't Hoff 's Research 
School in Amsterdam (1 877- 1 895)," Janus 71 (1984):l-30. This inqxMTtant shidy should be added to the contributions 
of Morrell and Geison, dted in note 6. 
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Isidor Traube: Physical Chemist, 
Biochemist, Colloid Chemist 
and Controversialist 

John t. edsall* 
Professor Emeritus of Biochemistry, Harvard University 



Isidor Traube (1860-1943) was a signifi- 
cant figure in the rapid development of 
physical chemistry during the last two 
decades of the nineteenth century. His later 
activity extended into many aspects of bio- 
: chemistry, phannacology, and colloid 
, chemistry. }^ contributions did not rank 
- with those of such major figures as van'tHoff 
; and Arrhenius, but some were both original 
and important, and his independence of 
spirit led him to challenge various prevailing 
doctrines. As we shall see he was a persistent 
and stubborn controversialist. 

Over a period of more than fifty years in 
research, Traube published some 200 papers 
in many different journals, on topics that 
ranged from the application to liquids and 
solids of the van der Waals equation of state 
to the mechanisms underlying the actions of 
narcotics and toxins, and the selective per- 
meability of biological cell membranes. He 
was author of an early textbook on physical 
chemistry (1904), and founded and edited 
an international journal of physico-chemical 
biology, with a distinguished editorial board. 
Unluckily that journal began publication in 
the spring of 1914, and was eventually a 
casualty of the First World War. 

Traube's most original work was probably 
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on the surface tensions of aqueous solutions 
of organic compounds, and his name is per- 
petuated in what became known as 
"Traube's rule," describing the relative po- 
tency of successive members of a homolo- 
gous series of compounds in lowering the 
surface tension of water — a rule which, with 
further research, proved to apply to a wide 
variety of phenomena, and had far-reaching 
implications for various aspects of chemistry 
and biochemistry. Traube was indeed per- 
haps the first person to perceive the class of 
phenomena now denoted as hydrophobic 
interactions.^ He also did fundamental work 
on the volumes occupied by chemical sub- 
stances in relation to their structtue, in the 
pure liquid or solid state, and in recognizing 
and interpreting the volume contraction that 
occurs when organic hquids dissolve in a 
large excess of water. As a young man of 23, 
before Arrhenius had published anything, 
Traube had composed a paper "Uber die Be- 
ziehungen einiger fiir L5sungen und Gase 
geltender Gesetze zueinander," in which he 
drew upon the same data used by Arrhenius 
and van't Hoff to reach conclusions similar 
to theirs, but evidently by no means identical. 
However, on the advice of Lothar Meyer, to 
whom he turned as a mentor, he withheld 
this paper from publication. Later he en- 
gaged in controversy with Arrhenius; Traube 
was a supporter of the view that electrolytes 
were ionized, but he disagreed with Arrhe- 
nius's interpretation. Traube indeed was al- 
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most the only German physical chemist of 
his time to dissent openly from the concept 
of electrolytic dissociation, as formulated by 
Arrhenius and championed by Wilhelm 
Ostwald and his school. Unlike the situation 
in England, where the views of Arrhenius 
were highly controversial,^ the German 
school of physical chemistry, from the late 
1880s to the first decade of the twentieth 
century, was dominated by Ostwald and his 
pupils, and Traube was a lonely dissenter. 
This, combined (as he believed, probably 
justly) with the fact that he was Jewish, 
blocked his appointment to any major pro- 
fessorship at a German university, though it 
did not prevent him from pursuing his re- 
searches actively into his old age, as an 
"ausserordentlicher Professor" at the Tech- 
nical Institute in Berlin-Charlottenburg, At 
the age of 73 he was uprooted by the Nazi 
revolution, and spent the last ten years of 
his life in Edinburgh. 

Early Years 

He was bom on 31 March 1860 in Hil- 
desheim, the oldest son among six children. 
His father was a prosperous merchant,^ who 
would have welcomed his son into the busi- 
ness, but left him free to pursue his scientific 
interests. Hildesheim was then a largely me- 
dieval city of remarkable beauty,* which 
young Traube keenly appreciated. In school 
he took an intense interest in the natural sci- 
ences, especially astronomy, geology, min- 
eralogy, and paleontology, going on expe- 
ditions with bis teachers to collect minerals 
and fosols. His school diploma recorded him 
as outstanding in chemistry and mineralogy, 
good in physics and mathematics, but not 
very satisfactory in Latin. 

In 1879 he entered the University of Ber- 
lin, welcoming the freedom to study as he 
liked, with no examinations until the doctoral 
examination at the end. He attended lectures 
b) philosophers, historians, and professors 
of literature, and continued his scientific 



studies in chemistry, physics, geology, min- 
eralogy, and paleontology. Looking back on 
that time in old age, he lamented that he had 
rather neglected the opportunity to study 
mathematics further. The subject was not 
then conadered of any particular importance 
for a chemist. As he wrote "In view of the 
later development of chemistry, I have suf- 
fered much from this deficiency and have 
recognized that great freedom in choice of 
academic studies has its disadvantages as 
well as its advantages."' 

His doctoral thesis dealt witti the action 
of cyanogen chloride on amino adds. His 
thesis director was the distinguished physi- 
ological chemist, Eugen Baumann, whcnn 
Traube regarded highly as "ein ganz vor- 
trefflicher Mensch."^ He received the doc- 
torate on 4 August 1882, as he noted in his 
autobiography, begun exactly 60 years later. 
His examiners were Hermann von Hdm- 
holtz, A. W. von Hoffman, and the historian 
Theodor Mommsen; certainly an eminent 
committee. Traube's range of intellectual in- 
terests was certainly wide; one wonders what 
questions Mommsen may have asked him. 

A Brief Sketch of His Career 

After enduring his military service, Traube 
came to Heidelberg early in 1883, as an as- 
sistant to work on acridines with Professor 
A. Bernthsen, who later became director of 
an important laboratory at the I. G. Farben 
Industrie in Ludwigshafen. Traube had no 
particular love for organic chemistry, but 
Heidelbeirg delighted him. In later years, if 
his travels took him in ttiat direction, he al- 
ways arranged at least an overnight stop at 
"the incomparable city on the Neckar." He 
attended with enthusiasm the lectures of the 
philosopher Kuno Fischer and the great 
chemist Robert Bunsen. According to Traube, 
Bunsen and Hermann Kopp were at diat time 
almost the only German chemists who 
worked on problems of physical or theoret- 
ical chemistry. Bunsen was ttien 72 years old; 
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Traube, writing nearly sixty years later, re- 
caUed him vividly as a "robuste Hiihne/' 
striding through the streets of Heidelberg 
with his diminutive friend Kopp. Traube, on 
his own initiative, was already studying 
physical chemistry as it was then known, in- 
cluding the recent papers of Raoult and oth- 
ers (he names de Coi^>et, Rtidorff and Wiill- 
ner) which were to have such far-reaching 
influence on the work of van't Hoff and Ar- 
rhenius, and of Traube himself. These inter- 
ests led him to draft a manuscript, based on 
the new developments, and to submit it for 
advice and criticism to Lothar Meyer, whose 
book "Die Modemen Theorien der Chemie'' 
had greatly influenced him. To the results of 
that correspondence I return later. 

This period in Heidelberg lasted only half 
a year. Traube was reluctant to take a job in 
industry, and welcomed the offer of an as- 
sistantship at the Agricultural Academy in 
Bonn-Poppelsdorf with Professor Freitag, 
who selected him (so Traube says) because 
he asked for some free time to do his own 
research. This apparently persuaded the 
professor that the young man would really 
work. Indeed it was here that he first em- 
barked on the study of surface tension, 
which was to develop into what became 
probably his most notable contribution to 
science. For measurements he employed not 
only the rise in capillary tubes of the liquid 
under study, but also the method of counting 
and weighing the drops that fell from the 
orifice of a suitably designed instrument. The 
latter instrument, the stalagmometer which 
he did not originate but greatly refined, led 
him to design a medicinal glass {Tropfglas) 
which allowed a patient to measure out a 
precisely prescribed dose of a liquid medi- 
cine, simply and easily. This became a com- 
mercial product, and was sold (acccnding to 
Traube) on a world-wide basis, except for 
England, where the conservatives resisted it 
and stuck to the old dilution procedures. For 
Traube it provided a valuable source of in- 
come for many years. His design of the stal- 



agmometer, and of a related apparatus (vis- 
kostagonometer) for the measurement of 
viscosity of liquids, also found use in many 
chemical, physical, and biological laborato- 
ries. 

The seven semesters that Traube spent in 
Boim, he notes, were among the happiest of 
his life; and in his autobiography he grew 
lyrical over the delights of the Rhineland: 
the river expeditions with friends, the music 
and gaiety, the charming girls, along with all 
the excitement of research, and the some- 
what boring, but tolerable, routine teaching. 

In the summer of 1887, however, he de- 
cided that it was time to leave Boim and seek 
a position in technology that would relieve 
his father of the burden of contributing to 
his support. With a friend from Bonn, Dr. 
Guido Bodlander, who had been assistant in 
pharmacology, he set up a technological and 
nutritional laboratory in Hannover. The most 
profitable aspect of this enterprise turned out 
to involve the liquor industry, in particular 
the manufacture of brandy. Traube found a 
simple method, based on some of his earlier 
research, of separating from raw spirits the 
undesired higher alcohols (fusel oils) from 
most of the ethanol by "salting out" with 
potash. This aroused great interest from 
several manufacturers, in Germany and 
Sweden, who financed his journeys to Spain 
to deal with the producers of the spirits. The 
process proved hig|hly successful, and en- 
abled many small factories for making 
brandy to operate successfully and profitably 
for many years. Finally, about 1909, the 
process was disconhnued, apparently due in 
substantial part to pressure from some of the 
large-scale distillers, who found other meth- 
ods more advantageous. Apparently the 
payments to Traube from the patents in- 
volved represented a substantial source of 
his income for many years, along with what 
he received for his medicinal Tropfglas and 
the laboratory stalagmometer. 

In 1890 Traube and Bodlander dissolved 
their partnership and dosed the laboratory. 
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Bodlander later held several academic po- 
sitions, the last as professor in Braunschweig; 
but he died not long after going there, at the 
age of 49. Traube was "habilitated" at the 
Technische Hochschule in Berlin-Charlot- 
tenburg, where he remained for over forty 
years, becoming a Dozent in colloid chem- 
istry and receiving the title of professor in 
1900. He remained, however, a professor 
extraordinarius unhl he left Germany in 
1934. As an "extraordinary" professor he 
received even as late as 1930, what he bit- 
terly referred to as "the princely salary of 
4500 marks, without entitlement to a pen- 
sion." Prestmiably he derived income also 
from his patents and probably from indus- 
trial consulting. That such a productive in- 
vestigator, who had made distinguished 
contributions, never achieved the status of 
an ordentlicher professor was an anomaly. 
Traube wrote of the matter with obvious and 
understandable bitterness, attributing his 
anomalous status largely to the fact that he 
was, and remained, a Jew. His controversial 
views on various subjects — most notably on 
the interpretation of the Arrhenius ionization 
theory — also made him an odd character in 
the eyes of most German physical chemists. 
Ostwald, as editor of the Zeitschrift fur Phy- 
sikalische Chemie, had generally refused 
Traube's papers, after a single publication in 
Volume 1 (1887), to which we refer later.^ 

Nevertheless, on Traube's seventieth 
birthday in 1930, several well-known inves- 
tigators in the field of colloid and surface 
chemistry published articles recalling his 
distinguished achievements in the past and 
noting his continuing vigorous activity.^ 

In 1933, with the coming of the Nazi rev- 
olution, he was barred from entering his 
laboratory and his situation became intoler- 
able. At the age of 73 he emigrated to Scot- 
land, where British colleagues had come to 
his aid. They enabled him to continue his 
work by providing him with a laboratory at 
Kings Building, Edinburgh University, and 
also provided fimds that enabled him to live 



in a comfortable flat near by.' He died in 
Edinburgh on 27 October 1943. 

Figure 1 shows a photograph of Traube, 
about the age of 60. 

Pioneer Investigations on Surface 
Tension of Solutions: Formulation of 
"Traube's Rule" 

Traube's research on surface tension of 
aqueous solutions began when he was an 
assistant in chemistry in Bonn. Already the 
physicist George Hermann Quincke (1834- 
1920) in Heidelberg had studied the surface 
tension of solutions of salts and other elec- 
trolytes. Neariy all such substances increased 
the surface tension of water. Traube turned 
instead to the study of aqueous solutions of 
organic compounds, nonelectrolytes, and 
weak acids or bases. Moreover, in an ap- 
proach that was apparently unusual in that 
early era of physical chemistry, he system- 
aticcdly studied aqueous solutions of ho- 
mologous series of organic oon^xxinds, %vith 
a hydrocarbon side chain attached to a pcdar 
group: alcohols, esters, ketones, fatty adds. 
In each of these classes he studied a series 
of compounds, varying the length of the hy- 
drocarbon chain. In addition he examined 
compoimds containing two or more polar 
groups— ethylene glycol (HOCH2CH2OH) 
and some (^carboxylic adds— oxalic, ma- 
lonic, succinic, maleic, malic and tartaric ac- 
ids. In his first published studies'" he found 
dramatic differences between the beha\ior 
of strong electrolytes and that of these com- 
pounds containing nonpolar groups. The 
former, as Quincke had akeady shown, 
slightly increased the surface tension when 
dissolved in water; the latter significantiy 
decreased it, and the magnitude of the de- 
crease, at a given concentration of solute, 
became progressively greater as the size of 
the hydrocarbon side chain increased 
Traube termed these latter compounds 
"capillary-active" in contrast to the salts 
which were "capillary-inactive." 
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FiC. 1. Isidor Traube, about 1920. 



His earlier training in organic chemistry 
undoubtedly played an important role here, 
both in leading him to think in terms of 
structural relations between classes of or- 



ganic compounds, in relation to their phys- 
ical properties, and in careful purification of 
the compounds he studied. In the measure- 
ment of surface tension, he made use of, and 
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improved, both the measurement of the rise 
of the liquid in a capillary tube, and the 
measurement of the weight of the drops of 
liquid that fell from the outlet of a suitably 
designed system of tubing. Neither method 
was original with Traube, but he applied 
both with great skill and care. In particular 
he developed the drop-weight method, by 
careful design of the apparatus and espe- 
cially the shape of the outlet where the drops 
formed, so that he claimed it to be compa- 
rable in accuracy to the capillary rise method. 
It was certainly an easier method to use, and 
required less scrupulous care on the part of 
the operator for good results. It led him to 
his medicine dropper (Tropfglas) for mea- 
suring out doses of medicine by volume, 
which has been discussed above.** 

Traube in fact had a predecessor in the 
study of surface tension of solutions of or- 
ganic compounds in water. This was Emile 
Duclaux (1840-1904), then professor of 
physics in Lyon, later to be the chief orga- 
nizer of the Pasteur Institute in Paris and its 
director after Pasteur's death. Duclaux em- 
ployed the drop- weight method to study the 
surface tensions of aqueous solutions of a 
series of alcohols, from ethanol to amyl and 
capryl alcohols, and of several fatty acids, 
and he clearly perceived the striking increase 
in the capacity of these substances to lower 
the surface tension of water, the magnitude 
of the effect increasing markedly vAth each 
increase in the length of the hydrocarbon 
chain." 

Duclaux reported relative surface tensions 
(7/7°), talcing the value for water (7°) as 
unity. He made up his solutions by volume, 
in cm^ of solute per 100 cm^ of the resulting 
solution. This obscured the molar relations 
that Traube later pointed out. Nevertheless 
Duclaux noted that the ratio of volume con- 
centrations required for two members of the 
same homologous series, to produce a given 
lowering of the surface tension of water, was 
essentially constant over a wide range of 
values. Thus, in comparing alcohols, differ- 



ing by one CH2 group, he found that the 

concentration of n -butyl alcohol (C4Hg0H) 
required was 2.6-2.8 times as much as the 
concentration of n-amyl alcohol (CsHnOH), 
for all values of relative surface tension from 
0.90 to 0.40. 

Traube in his most important and cmn- 
prehensive study of surface tension in rda- 
tion to stnactuie, (1891), used the capillary 
rise method. By then he had realized clearly 
that comparison of solutions of different 
compounds must be made on a molar basis 
to give significant relations to structure. He 
reported on solutions of 38 organic com- 
pounds in aqueous solution, in each case for 
a range of concentrations. For the more sol- 
uble compounds he started witti a 1 molar 
solution, and then made dilutions by factors 
of 2, 4, 8 . . . etc. For compounds with the 
larger hydrocarbon side chains, the solubility 
was too low to prepare molar solutions; in 
these cases the dilutions were extended to 
molar concentration as low as 7256, or in one 
case (propylpropionate) to Vio24- 

Traube drew no diagrams in ttiis paper to 
illustrate his data. The immense amount of 
information in his tables is difficult to assim- 
ilate v^thout careful study, and his notation 
differs somewhat from that of later authors. 
In Figs. 2 and 3 1 have therefore plotted sam- 
ples of his data, for alcohok and for fatty 
adds respectively. It is immediately apparent 
that (in contrast to sodium chloride, at ttie 
top of Fig. 3) all the organic compounds 
studied decrease the surface tension of water. 
In each curve the surface tension (7) plotted 
as a function of the molar concentration (m) 
approaches a limiting (negative) slope {dy/ 
dTn)m-^ . This he termed the molecular cohe- 
sion. Traube stated the relation": "In ho- 
mologous series of capillary-active sub- 
stances the constant end values of the 
molecular cohesion of sufficiently dilute 
solutions stand in the ratio 1:3:3^:3' . . . , 
the pressure wluch the dissolved molecules 
exert on a unit area of surface increases in 
homologous series of capillary-active sub- 
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Flc. 2. Surface Tensions of aqueous solutions of some organic adds; data from Traube.'^ 
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Fig. 3. Surface Tensions of aqueous solutions of some alcohols; data from Tiaube." 
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stances, on addition of a CH2 group, in the 

ratio 1:3:3^:3^ " (This passage is in italics 

in the original German.) He did not find such 
simple relations for compounds containing 
more than one polar group such as the di- 
carboxylic acids HOOC • (CHz)^ • COOH, 
where n is respectively 0, 1, and 2 for oxalic, 
nnalonic and succinic acids. These all give 
small limiting slopes, not far from that for 
formic add in Fig. 2. 

At higher concentrations the curves in 
Rgs. 2 and 3 (and in Traube's data for esters 
and other compounds) flatten out and tend 
to level off. However, as he clearly pointed 
out, there is a family relation between all the 
curves; a relation that in fact Duclaux had 
already dearly pointed out, in terms of vol- 
ume rather than molar concentrations. If one 
considers the concentrations of different 
substances necessary to produce a given 
lowering in the surface tension of water — 
this can be done by drawing a horizontal 
line, at any level, on Fig. 2 or 3, and noting 
the concentrations at which the line cuts the 
curves — then it is found that the concentra- 
tions decrease, with increasing numbers of 
CH2 groups in the molecule, in the ratios 1: 
^/j-^A'^/iv etc. In other words, as Irving Lang- 
muir later pointed out, the curves can all be 
described by the relation: 

7 - 7° = m/A) (1) 

where / is a function that is the same for all 
molecules in a homologous series, and A is 
a coeffident that increases by a factor of ap- 
proximately 3 for each added CH2 group. 
Traube illustrates this by a set of tables'* for 
1 8 of the compounds he studied, over suc- 
cessive intervals of 7° - 7. There is no rea- 
son, of course, to expect ttiat the factor of 3 
should be an integer; some of the numerous 
ratios listed are as low as 2.7, and a few as 
high as 3.8, but the approximate constancy 
is impressive. 

Isomeric compounds in water, such as n- 
butyric and isobutyric acids, gave surface 
tension data that cu:e nearly superimposable; 



and the same turned out to be true for iso- 
meric fatty adds and esters containing the 
same ntmiber of carbon atoms; thus pro- 
pionic add and methyl acetate, butyric add 
and ethyl acetate, etc., gave almost indistin- 
guishable data.'^ 

Traube was well aware of the prindple, 
first enundated by Willard Gibbs, that dis- 
solved substances that lower ttie surface 
tension of a solution tend to concentrate at 
the surface; although* as far as I am aware, 
he seldom or never applied the Gibbs equa- 
tion (equation 3 below) for quantitative cal- 
culations. He was clearly aware, however, 
that the relations he discovered required that 
the substances he studied must increasingly 
tend to concentrate in the surface layer, as 
ttie size of the hydrocarbon chain increased. 
Traube did not pursue his studies with sub- 
stances containing much longer hydroccirbon 
chains; these of course were exceedingly in- 
soluble, and it later became apparent that 
they would form surface films, which led to 
a quite different, though closely related, line 
of research. 

For about a quarter of a century Traube's 
work was apparently largely ignored. In 
1908, B. von Szyszkowski, working in Ost- 
wald's laboratory, studied the surface ten- 
sions of a series of fatty acids, with results 
essentially equivalent to Traube's work on 
the same substances. He developed an em- 
pirical equation to fit his data: 

7° - 7 = B hi + 1) (2) 

Here B and A are constants. For a homol- 
ogous series, B is the same for all members, 
while A decreases progressively, by a factor 
dose to 3, for each added CH2 group. This 
equation has proved useful for descril^ng the 
data of other workers, including Traube's 
earlier and far more extensive studies. 
Szyszkowski, however, gave no reference to 
Traube, which suggests that Traube's work 
had largely been forgotten at that time. In- 
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deed Ostwald, with whom Szyszkowski was 
working, tended strongly to disparage 

Traube's work; but a more likely reason is 
that Szyszkowski was simply unaware of it.'^ 
After a quarter century, however, the im- 
portance of Traube's work was recognized 
by Irving Langmuir, who realized its far- 
reachiitg implications for the structure of 
liquids and surface layers.^^ In considering 
the distribution of a dissolved substance be- 
tween the interior of a liquid and the surface 
layer, Langmuir stated the Gibbs equation 
in the form: 

^ RT\dc) RTdlnc 

Here q is the amount of solute adsorbed per 
cm^ of surface, and c is the concentration in 
the interior of the liquid. Taking account of 
the kinetic equilibritmi between the surface 
layer and the interior, the relation between 
q and c should be of the form 

q/c = const, e*"^^ (4) 

where X is the decrease in potential energy 
that occurs when one mole of solute passes 
from the interior into the surface layer. 
Traube's data for a homologous series show 
that, in dilute solutions, X increases progres- 
sively as a linear function of the number of 
hydnxarbon groups. In other words the in- 
ternal potential energy of the solute mole- 
cules, when surrounded by water, becomes 
greater, and their tendency to pass from the 
interior of the solution into the surface phase 
increases, the longer the hydrocarbon chain. 
Thus in the limiting case of very dilute so- 
lutions, where Traube's data show that 7 is 
a linear function of the solute concentration, 
the concentration in the surface layer (c,) 
must bear a constant ratio to c^, the concen- 
tration in the interior of the liquid. 

Thus, under these conditions, we can write 
an equilibrium constant K 

K = c,/Cw (5) 



The standard Gibbs hee energy of tzansler 
(AG°) per mole of solute, from the interior 
of the liquid to the surface layer, is then, by 
a fundamental thermodynamic equation: 

AG° = -RT \nK = -RT In (c,/Cw) (6) 

Traube's data show that K increases by a 
factor of approximately 3 for each added CH2 
group in a homologous series. Thus RT In JC 
must increase by the factor RT In 3 when a 
CH2 group is added. Taking R = 1.987 cal 
mor' Kelvin"\ and T as 288 K (15°C) in 
Traube's experiments, this means that the 
standard free energy of transfer increases by 
about 630 calories per mole per CH2 group 
added. Table I lists some of Traube's data 
and Langmuir's recalculations. 

In his Nobel Prize lecture in 1932, Lang- 
muir again emphasized the importance of 
Traube's work, pointing out that the limiting 
relations for the formation of surface films, 
at very low and at nearly saturated concen- 
trations of solute "are completely in accord 
with the general relationships found by I. 
Traube." Langmuir also notCKl that the con- 
stant increment in Gibbs energy per CH2 
group in a homologous series indicated a 
similar orientation of the surface molecules 
in the films at high dilution — presumably 
witfi the hydrocarbon side chains oriented 
horizontally on the water surface." 

Langmuir's thermodynamic interpretation 
of Traube's rule can be applied, not only for 
transfers of solute molecules from the interior 
of the solution to a surface phase, but also 
to their transfer from solution in water to a 
liquid phase consisting of an orgaiuc solvent 
with considerable hydrocarbon character. 
This relation is given by solubility measure- 
ments for the substance in question, in water 
and in the organic solvent. The logarithm of 
the solubility ratio in the two phases is pro- 
portional to the standard Gibbs energy of 
transfer between the phases. 

This method is particulariiy useful v/hea 
the substances studied are crystalline solicfe. 
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Table I 

Capillary coefficients, F, for depression of surface tension, for various substances, in dilute 
aqueous solution at 15°C. The symbol Q denotes the ratio of F values 
for the successive substances listed. 

Substance F(Tnube) Q(Tnube) F(Langmuir) Q(Langmuir) 

(wmic acid, H COOH 8.2 - „ 8. , . 

cetic acid, CH3COOH 24.8 27. 

ropionic add, CH3CH2COOH 73.2 , " 77. IT'^ 

utvric acid CH3(CH2)jCOOH 215. 230. 

iobutyric acid C3H7COOH 215 i j 240. J " 

iovaleric acid C4H,COOH 605 ^'^ 720. " 

lethanol CH3OH 10.4 ,0 11. 

thanol, CHjCHjOH 29.9 33. ^ J^ 

-Propanol, CH3(CH2)20H 88.6 98. 

oPropanol (CH3)3CHOH 88.3 98. 

ioButanoI C4H,OH 273. ,i 310. ,0 

wAmyl Alcohol, CH.iOH 738. ^'^ 910. 

\ethy\ acetate, CH3COOCH, 79. - , 85. - , 

ithyl acetate, CHjCOOCjH, 255. 270. , f 

•ropvl acetate, CH,COOC,H, 758. 840. , ' 

4ethvl propionate, CjHjCOOCH, 232. , p 245. 

ithvl propionate, CHjCOOCjHs 678. 745. 

>ropyl propionate, CHjCOOCjH, 1894. 2050 ^'^ 

F denotes the limiting value of (7° - 7)/m, as m approaches zero. 

Data from Traube (note 1 3). The two columns on the right give Langmuir's recalculations of F and Q from Traube's 

lata (see Langmuir, note 16, p. 1892). Langmuir tabulated values for all the 38 substances reported by Traube, of 
vhich 1 8 are listed here. The differences between the Traube and the Langmuir values are relatively small and do 
mt affect Traube's general conclusions. 



which are not too highly soluble in either of 
the two liquid solvents. Since the two satu- 
rated soluhons are both in equilibrium with 
the same crystals, the chemical potential of 
Ihe solute in botti solutions must be the same. 
Thus McMeekin, Cohn and Weare in 1935 
studied Uie solubility, in water and ethanol 
at 25^C, of a series of amino acids and related 
compounds, and observed (among other 
things) the effect of varying the length of a 
hydrocarbon side chain. As an example, 
consider the relation between the two sim- 
plest amino adds, glycine CH3N • CH2 • 
COO") and alanine CH3N • CHiOh) • CCX)") 
which differ by one CH2 group. Both, be- 
cause of the electrically charged groups they 
carry, are far more soluble in water than in 
ethanol, but the presence of the added CH2 
group in alanine promotes its solubility in 
ethanol (S*) relative to water (Sw). For glycine 



Se/S^ = 4.07 X 10""; for alanine it is 13.9 X 
10 *. The rario of the two values is 3.4, the 
factor by which the added CH2 group favors 
solubility in ethanol relative to water. The 
decrease in the Gibbs free energy of transfer 
is then RT In 3.4 = 2.303 RT log 3.4 = 2.3 
RT (0.53) = 720 cal/mol, for this particular 
comparison. The average value, for a series 
of such comparisons, was a little lower, 
around 670 cal/mol; for transfers from water 
to M-butanol, a solvent with a larger hydro- 
carbon side chain, the average effect of a CH2 
group was larger by about 50 cal/mole. 
McMeekin, Cohn and Weare recognized 
dearly that they were studying another as- 
pect of the same phenomenon that Traube 
had observed. They studied the relative sol- 
ubilities of alanine and phenylalanine, which 
differ by a benzene ring in the side chain; 
the presence of the ring shifted the solubility 
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ratio, in favor of ethanol relative to water, 
by a factor of 25, or 1900 cal/mole in the 
Gibbs energy, thus a phenyl (CeHs) group 

was roughly equivalent to three CH2 groups 
in its effect on the solubility ratio and the 
Gibbs energy of transfer. 

One might expect a still larger effect for 
the transfer of a pure hydrocarbon with no 
polar groups, between water and a hydro- 
carbon solvent. Such studies have been 
made, and Tanford's analysis shows that the 
average increase in the Gibbs energy of 
transfer, per CH2 group added, is 884 
cal/mol.^' 

Traube's work on surfaces later greatly 
influenced his thinking about biochemical 
problems, especially with regard to the fac- 
tors that determine the permeability of living 
cells to chemical reagents. He noted, for in- 
stance, that the permeability of red blood 
cells to reagents such as fatty acids appeared 
to be affected by the length of the hydro- 
carbon chain, in essentially the same way 
that he had found for the lowering of surface 
tension. We return later to this topic, and to 
the controversies it aroused between Traube 
and other workers. 

His surface tension studies involved a wa- 
ter-air interface. In biochemical systems the 
interfaces generally involve a liquid/liquid 
or a liquid/solid interface. Such systems are 
technically more difficult to study than titose 
at air interfaces. Apparently the first test of 
Traube's rule at a liquid/liquid interface was 
done by his daughter, Sonja Boas-Traube in 
her doctoral thesis, done in the laboratory of 
Professor M. Volmer, and published in 1937. 
She studied the surface tension at the water/ 
benzene interface, in the presence of the se- 
ries of sb( fatty adds from formic (H • COOH) 
to caproic (C5H11 • COOH); the results could 
be well described by the Szyszkowski equa- 
tion (equation 2 above). The factor A in that 
equation is inversely proportional to the 
limiting values of the lowering of surface 
tension at low solute concentrations. For 
propionic acid and higher members of the 



series, the increment in per added CHj 
group lay between 3.3 and 3.9; however 
formic and acetic adds differed by a factor 

of only 1.8, and acetic and propionic by 2.3. 
The difference could be traced to the fact 
that the higher members of the series exist 
almost entirely as dimers in the benzene so- 
lution; whereas formic acid, with no hydro- 
carbon side chain, is present in monomecic 
form, and acetic add is a mixture of mono- 
mers and dimers. This conclusion was veri- 
fied by a study of the distribution coefficients 
of the various adds between water and ben- 
zene. 

Traube's work on surface films of sub- 
stances containing hydrocarbon groups was 
probably the first quantitative study of what 
are now commonly referred to as hydxofrfio- 
bic interactions. He made another innportant 
contribution to the study of such interactions 
as one aspect of his work on molecular vol- 
umes, which I discuss in detail below. This 
was his quantitative study of the volume 
contraction that occurs when an organic liq- 
uid is transferred to solution in a lai^e quan- 
tity of water. Other characteristic aspects of 
such interactions, involving changes of en- 
thalpy, entropy, heat capacity, compressi- 
bility, and other properties of such solutions, 
were discovered later. This field of research 
is at present extremely active, both theoret- 
ically and experimentally, and many points 
are still controversial and obscure; but tttey 
remain outside the scope of the present 
study.** 

Traube and the Liquor Industry: The 
Preparation of Purified Brandy 

As abready noted, Traube and his friend 
Dr. Guido Bodlander in 1887 joinUy set up 
a commerdal laboratory in Haimover. 

Around this time, Bodlander called Traube's 

attention to the fact that an alcohol-water 
solution, on addition of certain salts at high 
concentration, would separate into two liquid 
phases: an upper phase containing much al- 
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cohol, with less water and salt, and a lower 
phase annposed chiefly of water and salt, 
witii less alcohol. Tiaube and O. Neubeig 
studied the phenomenon quantitatively, us- 
ing ammonium sulfate as d\e added salt, de- 
termining the composition of both the upper 
and lower phases, and systematically deter- 
mining the effects of varying the temperature 
and the total amount of each component 
added to ttie system. This appears to have 
been one of the earliest quantitative studies 
of the salting-out effect.^ 

One observation in the course of this work 
led to important practical results. Traube and 
Neuberg noted that, whereas ethanol was 
still present at equilibrium in considerable 
amounts in the lower, as well as in the upper 
layer, the higher alcohols (fusel oils) were 
driven almost completely into the upper 
layer by the concentrated ammonium sulfate. 
The longer the hydrocarbon chain of the al- 
cohol, the greater was this separatory effect. 
The removal of fusel oils, in the preparation 
of distilled liquors from raw spirits, is an es- 
sential step. The salting out procedure 
proved highly efficacious in industrial op- 
erations, especially in tiie making of brandy, 
and Traube became deeply involved with the 
liquor industry after he moved from Bonn 
to Hannover with Bodlander. 

Traube's surface tension measurements 
(by the drop-weight method) proved an ex- 
cellent assay procedure for ttie presence of 
fusel oils. Potash (KOH) proved the most 
practicaUy efficient reagent for fractionating 
the raw spirits and driving the fusel oils al- 
most completely into the upper layer, which 
was a dark evil-smelling layer of liquid. The 
process had to be repeated several times, and 
(for brandy of high quality) supplemented 
by fractional distillaticm. Several large dis- 
tUling companies in Germany and Sweden 
took up the process, and paid Traube's way 
to go to Spain to deal with the original pro- 
ducers of the starting material. Clearly, for 
many years, Traube must have received a 
substantial income from this industrial con- 



nection. The opportimity to visit Spain also 
delighted him, and he speaks witti enthu- 
siasm of that country, of Toledo, Cordoba, 
Seville, and especially Granada and die Al- 

hambra.^' 

During the 1890s Traube's procedure was 
v^adely used in brandy-making, at least in 
Germany and Sweden. He states that it was 
particularly well adapted to use by relatively 
small-scale manufacturers, and was ap- 
proved by the Ministry of Health. However, 
after about 25 years of successful operation 
the process was banned, partly on suppos- 
edly medical grounds, but largely (according 
to Traube) owing to political intrigues by 
some of the large manufacturers. The net re- 
sult of this step was apparently to put several 
thousand small distilleries out of business. 

In the laboratory at Hannovo', the work 
on brandy making was evidently Traube's 
principal ooncem, while Bodlander was mote 
concerned with nutritional chemistry, in- 
cluding the assay of peptones and related 
substances. 

Traube and Bodlander published two pa- 
pers together, relating to methods for assay 
of peptones and related substances by sur- 
face tension measurements. As already 
noted, they dissolved their partnership in 
1890, when Traube went to the Technische 
Hochschule in Berlin. Bodlander was appar- 
ently not happy in the years of his partner- 
ship with Traube, according to the obituary 
article on him by Alfred Cohen, and was 
much happier later when he returned to ac- 
ademic life, in which he achieved distinction 
before his early death.^^ 

Molar Volumes in Relation to 
Structure, Apparent Molar Volumes in 
Water Solution; The Covolume 
Concept and the van der Waals 
Equation 

Hermann Kopp (1817-1892), who was a 
familiar figure to Traube during his months 
in Heidelberg, had devoted himself over 
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about half a century to the study of molar 
volumes, especially of liquids, in relation to 

their molecular structures. The molar volume 
is simply the molecular weight divided by 
the density; the problem of the investigator 
is not only to obtain pure substances and 
measure their densities but also to choose 
the conditions under which to make these 
measurements, so that the structural rela- 
tions between different substances will 
emerge most clearly. Kopp conduded that 
different substances should be compared at 
constant pressure. This condition was most 
readily fulfilled by working at the boiling 
point of each liquid. Kopp aimed to describe 
the molar volume (V„0 of a substance by ad- 
dition of volumes assigned to each constit- 
uent atom, but the results he obtained were 
criticized by various other investigators.^ 

Traube, beginning about 1890, ap- 
proached the study of molecular volumes 
differently, working at a fixed temperature, 
usually 15°C (he later studied the effects of 
varying temperature). He was interested in 
salts, adds, and bases, as well as nonelec- 
trolytes, and it was obviously impractical to 
study salts at their boiling points. Moreover 
he soon focused particularly on the study of 
aqueous solutions of these compounds, 
which gave more regular and consistent re- 
lations to structure of the solute than did the 
volumes of the same compounds in the pure 
liquid or solid state. He measured what he 
called the "molecular solution volume", v^, 
usually in aqueous solution. Taking {aq) as 
the quantity of solvent (in grams) that con- 
tains one mole of solute (of mass m grams), 

Vn, is defined by the relation: 

m + atf aq 

Vm = ^ - (7) 

P Po 

Here p is the density of the solution and 
Po that of tfie pure solvent. Thus is the 
volume increment when one mole of solute 

is added to aq grams of solvent; in more re- 
cent work it is usually called the apparent 



molar (or molal) volume of the solute.^ The 
most significant measurements, for structural 
purposes, are those made in dilute solutions. 
For nonelectrolytes in such solutions is 
commonly nearly independent of the con- 
centration. For some salts in dilute aqueous 
solution — magnesium sulfate or anhydrous 
zinc sulfate, for instance — 1;„ is actually 
negative; the volume of the liquid shrinks 
when a little salt is added. This fact was al- 
ready well-known before Traube started his 
work. 

In a large series of studies, comparing 
groups of closely related compounds, Traube 
determined the volume increments due to 
substituting, or adding, various atoms or 
groups. Thus for instance the increment for 
an added CHj group was on the average 16.1 
cm'/mol at IS^C. This process led him to 
the set of atomic volumes listed in Table II. 

Traube, however, found the obser\'ed 
value of to be always greater than the 
sum of the atomic volumes, Z V,, by an 
amount essentially independent of the size 
of the molecule, and equal on the average 
to 12.4 cmVmol at 15**C. He spoke of this 
in 1895 as a dilation factor, but later desig- 
nated it as the covolume (<^) of the molecule. 
Thus for aqueous solutions he wrote: 

fn, = 2 l^. + 0 = 2 V. + 12.4 (8) 

In a paper of 1895, he listed, for 66 organic 
compounds of varied types, observed and 
calculated values. The latter values fitted 
the observations within ±1 cm^/mole for the 
great majority of these compounds, and onh 
two gave deviations larger than 2.0 cm'/ 
mole. 

For many of the same substances, when 
they could be studied as pure organic liquids 
the molar volumes, V^, could also be de- 
scribed by summation of the same atonuc 
volumes, and adding to them a larger covol- 
ume item, 9: 

V„ = 2 V. + * = 2 V^. + 25.9 (9" 
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Table n 
Traube's Atomic Volumes 



Atom 



Volume (anVmol) 



Carbon 
Hydrogen 
Oxygen (hydroxyl) 
Oxygen (carbonyl or ether) 
Halogens and CN 
Sulfur (in -SH) 
Sulfur (bound to 0) 
Nitrogen (trivalent) 
Nitrogen ("f>entavalent") 
Nitrogen (nitro) 
Ring decrement 
Naphthalene, etc. 



9.9 
3.1 

2.3 (or 0.4)* 

5.5 
13.2 
15.5 
10-11.5 

1.5 
10.7~ 

8.5-10.7 
subtract 8.1 for each ring 



* If two hydroxyls are on adjacent carbon atoms, as 
in ethylene glycol, the value for the two oxygens com- 
bined is taken as only 2.7 (=2.3 + 0.4). Likewise the 
two oxygei\s in a carboxyl group are assigned a volume 
of 5.9 (5.5 + 0.4), whereas the two in an ester are as- 
signed 11.0 cm'/mole. The low values assigned to ox- 
ygen (2.3 or sometimes 0.4) are always for oxygen at- 
tached to hydrogen (in OH or -COOH). 

** "Pentavalent" nitrogen is, in modem terminology, 
quadricovalent nitrogen c«uTying a positive charge. Thus 
it requires a counter ion (e.g. Une chloride ion in an amine 
hydrochloride) to achieve neutrality, which complicates 
the estimates for the volume of the nitrogen. 

As an example of the use of these equations consider 
acetamide, CH3CONH2; add 2C (19.8) + 5H (15.5) 
+ one O (5.5) + 1 N (1.5) = Z V. = 42.3. Adding 12.4 
for covolume gives 54.7 cmVmol. The observed value 
was 54.8. 



The covolume term in this case was larger 
by some 13.5 cm^/mol tiian in the aqueous 
solution. In other words, transfer of a pure 
organic liquid to dilute solution in water is 

accompanied by a volume contraction of the 
same amount.^^ However Traube found the 
covolume <I> to be much more variable than 
the 4> value for u^. It ranged from about 21 
to 29 cm^/mol, even for "unassodated" liq- 
uids. "Associated" liquids, such as water and 
the smaller alcohols and fatty adds, gave 
substantially smaller * values: 9.6 for water, 
15.5 for formic add, 17.2 for ethyl alcohol, 
for example. The advantage of studying i;^ 
values in aqueous solution was obvious: the 
covolumes (0) varied little from one com- 



pound to another, and were essentially the 
same for alcohols and fatty adds as for the 

"unassodated" substances. Presumably the 
molecules of alcohols or acids, in dilute 
aqueous solution, no longer associated v\ath 
one another, but with the water. (In a later 
era, these associations would be discussed 
in terms of hydrogen bond fonnation).^' 

Traube considered tiiat the covolume was 
not an arbitrary parameter, tmt rather that it 
had a fundamental significance in extending 
the van der Waals equation of state for im- 
perfect gases to hquids and solids. For an 
external pressure p and volume v, the equa- 
tion read: 

[p + (10) 

Thus the effective pressure in the interior of 
the gas is enhanced by the term a/v^, and 
the accessible volume for the molecules in 
the gas is diminished by the term b, which 
van der Waals set equal to four times the 
total volume of the molecules themselves. It 
should be remembered that this equation by 
no means gives a perfect fit to the behavior 
of actual gases, though it is a dedded im- 
provement on the perfed gas equation, when 
suitable values of a and b are chosen. The 
term a/v^ has the dimensions of pressure — 
the internal pressure of van der Waals — and 
Traube took it also for liquids and solids to 
be the internal pressure, which he called K. 
For the b term of van der Waals, which in a 
gas at ordinary pressures is small compared 
with the total volume v, he made the bold 
assumption that in a molecular liquid b is 
given by the sum of the atomic volumes — 
the term Z V, in equations (8) and (9). It 
immediately follows that the term {v - b)in 
(10) is equal to the covolume Moreover 
the internal pressure K is very large com- 
pared to one atmosphere; hence p + K ^ K. 
On these assumptions the van der Waals 
equation for liquids becomes (using Traube's 
numerical value) 
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K* = RT 

= 22380 cm^ atm per mole at 0°C 

Then K = 22380/4>. This gives for v^ater 
(with # = 9.6) an internal pressure above 
2300 atmospheres; for a typical organic 
compound (with $ near 25) a value of the 
Older of 900 atmospheres. Such values were 
comparable, in order of magnitude, to esti- 
mates made by other, quite different 
methods. 

Traube extended the analogy between 
liquids and gases by determination of covol- 
umes as a function of temperature, by vol- 
tmie studies at 0 and lOO'C on a large series 
of hydrocarbons. For the higher members of 
the series (C7H16 and above) he found a 
mean covolume near 24.5 cm'/mol at 0**, 
and values ranging from 32 to 35 at 100°, 
and proposed the equation, for $ as a func- 
tion of temperature, 

*, = 24.5(1 + 0.003660 

where t is Celsius temperature. Thus he con- 
cluded that the temperature coefficient of the 
covolume of such liquids was, within rather 
large uncertainties of estimation, equal to the 
temf)erature coefficient of expansion of a gas. 
In other work he extended the van der Waals 
equation to solids as well as liquids, using 
somewhat similar arguments. 

As far as I am aware, tf\ese conceptions 
of covcdumes in liquids and solids found little 
acceptance among his contemporaries, and 
in our time they have been practically for- 
gotten. The covolume {v-b), as Traube con- 
ceived it for liquids and solids, represented 
a rather small difference between the two 
much larger quantities, v and b, and the 
summation of atomic volumes involved in 
calculating b was subject to modification ac- 
cording to the exact method used in calcu- 
lating volumes to be assigned to the various 
atoms. Traube himself (see below) empha- 
sized the variability of atomic volumes, and 
their dependence on interactions between 
adjoining atoms in molecules; so it is scarcely 



surprising that his attempt to extend ttie van 

der Waals equation to liquids and solids has 
found few, iif any followers.^ 

The Variability of Atomic Volumes: T*ie 
Views of Traube and T. W. Richards 

As his work progressed, Traube empha- 
sized increasingly that his postulated atomic 
voltunes were not to be regarded as Bxed 
constants, but rattier that the vcdume of an 
element when it entered into compound for- 
mation depended on its relation to neig|i- 
boring atoms in that compound. As he stated 
in his review in 1899: 

The vibrational space (Schwingungsraum) occu- 
pied by an atom alters, more or less, according to 
the nature of the atom, from one substance to 
another, under the mutual iiifluences between the 
various atoms in die compound. The soialier the 
attraction between neighboring atoms, the mofe 
closely does the vibrational space approach its 
maximum value. On the contrary, the greater the 
mutual attraction between the atoms, the more 
the vibrational space is diminished. 

A striking example, which he had already 
noted elsewhere, was the carbon atom. Its 
molar atomic volume in diamond is only 3.4 
cm'', yet this value nearly triples, to 9.9 cm^ 
when carbon is combined with hydrogen 
and other atoms in organic compounds. Val- 
ues for nitrogen were also hi^ily variable; 
the value of 1.5 cm^/mol, for trivalent ni- 
trogen, did not hold for nitriles, such as 
CH3CN, for which a higher value of 3.3 was 
apparently required; and ionic nitrogen 
compounds apparently required a substan- 
tially larger value. The small value (2.3) diat 
he had assigned to the oxygen in hydroxyl 
groups might well be assigned lately to a 
change in the value for hydrogen; in that 
case the value for O would be greater than 
2.3, and that for H lower than 3.1, in OH 

He repeated this view, more emphaticallv 
and compactiy, in 1901. "The atomic volume 
of an element alters from one compound to 
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another; it is smaller, the greater the attrac- 
tion of the adjacent atoms."^° 

Unknown to Traube, Theodore W. Rich- 
ards at Harvard University was thinking 
along similar lines, in 1902 the first of a series 
of important papers by Richards appeared 
on "The possible significance of changing 
atomic volume." (Significantly, he dropped 
the word "possible" from the titles of the 
later papers). The essence of his argument 
was expressed in one sentence of the sum- 
mary: "The atomic volume is not constant, 
but a function of pressure and temperature, 
and probably of electric stress." From density 
measmements on a series of metals and their 
oxides he showed how great was the vari- 
ation in change of volume when a metal is 
converted to its oxide. In some cases, notably 
for sodium and magnesium, the oxide was 
denser than the metal. Clearly the atomic 
volume must be a variable quantity to ac- 
coimt for such data. In all cases there was a 
contraction when the volume of the oxide 
was compared with that of the starting ma- 
terials, and Richards took the value of this 
as a relative measure for the attractive in- 
teratomic forces in oxide formation. 

Richards also proposed to calculate the 
internal pressure of a substance from the 
heat capacity (C) at constant pressure and 
the thermal expansion, imder conditions 
where there was no phase change on heating 
from temperature to to fo + dt. As a working 
hypothesis he used the equation C dt = P 
dv, where C dt was the heat input and P dv 
the work done in thermal expansion, P being 
the internal pressure. For a series of metals 
he thus calculated internal pressures ranging 
from 53,700 atmospheres for sodiimi to 
672,000 for copper (and 4.9 X 10^ for dia- 
mond). 

In his second paper Richards pointed out 
a close parallelism between the heat devel- 
oped in compound formation and the vol- 
ume contraction in the process; on correcting 
for differences in compressibility, the agree- 
ment became still closer. He put forward the 



hypothesis that atoms themselves should be 

regarded as compressible — a view that be- 
came central to his outlook on these prob- 
lems. 

Richards's third paper dealt primarily with 
the relation between heats and free energies 
of reactions, especially those taking place in 
galvanic cells, as a function of temperature. 
In its general significance it was probably the 
most important paper of the series, but the 
problem of varying atomic volumes was only 
of secondary importance to the argument, so 
that 1 do not discuss it further here.^* 

In his fourth paper, Ridiards pointed out 
relations between tiie volume contraction on 
compound formation and the compressibility 
of the elements involved, making use of ex- 
tensive new data from his own laboratory. 
For the hahdes of the alkali metals, the 
greater the compressibility of the elements, 
the more negative is AV of compound for- 
mation. He also pointed out that, in general 
among related substances, the more volatile 
substance has the larger molecular volume. 
Both chemical energy and cohesive attraction 
exert a compressing effect on solids and liq- 
uids; Richards concluded that cohesive at- 
traction was the more important factor. As 
to compressibility, in the light of the atomic 
hypothesis, he noted two possible alterna- 
tives". . . either a relatively incompressible 
atom exists within a compressible space, or 
else the atom itself is compressible, and in a 
solid or a liquid comes into contact with its 
neighbors." He noted that the former hy- 
pothesis was the one usually accepted at 
the time, but he reaffirmed empluitically 
the alternative view — the atoms themselves 
should be regarded as compressible. 

Richards had by this time become aware 
of Traube's work, and added a footnote say- 
ing: "It is a pleasure to call attention here to 
the entirely independent work of I. Traube 
in this direction. By an mteresting coinci- 
dence he published in Drude's Annalen, 5: 
550 (20 June 1901), the following statement: 
'Das Atomvolumen eines Elementes andert 
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sich vielmehr von Stoff zu Sto£f ; es ist um so 

kleiner, je grosser die Anziehiing zu den 
benachbarten Atomen ist/ while on 15 June 
of the same year there appeared in the Pro- 
ceedings of the American Academy, 37: 17, my 
version of the same relationship: 'The atomic 
volume is not constant, but a function of 
pressure and temperature and probably of 
electric stress/ By pressure was meant the in- 
ternal pressure caused by affinity. In his 
pamphlet, 'Uber den Raum der Atome' [Ah- 
rens's Sammlung chem. und chem.-techn. 
Vortrage IV. 256 (Stuttgart, 1899)] Traube 
anticipated several points contained in his 
paper of 1901, and in my work in the same 
year, but this pamphlet was wholly un- 
known to me at the time. The fabric of 
Traube's reasoning is complicated by his hy- 
pothetical assumptions of 'Covolumen' and 
'Kernvolumen/ 'gebundener' and 'freier 
Aether'; but nevertheless he deserves the 
credit of having appreciated the importance 
of many of the facts. The question of priority 
is of little consequence, especially since 
Mtiller-Erzbach (1881) had priority over 
both."" 

Traube naturally welcomed independent 
support, for views similar to his own, from 
such an eminent and influential chemist as 
Richards. It is obvious, from Richards's ac- 
knowledgment, that he foimd Traube's 
views about covolumes rather puzzling, as 
did most of their contemporaries. Richards 
and Traube fully agreed in the view that at- 
oms were compressible. 

Traube expanded his conceptions further 
by proposing that it was necessary to con- 
sider three categories of molecular volumes. 
(1) The "inner volume" of the atoms {Kern- 
volumen), the measure of which is the molar 
refractivity, R: 

m n^ - I 

where n is the refractive index; this volume 
is compressible. (2) The "external volume," 
which he defined as the space occupied by 



matter as such, increased by a shell of 
"bound ether," into which (according to 
Clausius) no other atom can penetrate. The 
measure of this volume is the b term of van 
der Waals. (3) The covolume, which he de- 
fines as the space required for the continual 
motion {fortschreitende Bewegung) of atoms 
and molecules. It is valid (Traube believed 
as already indicated) for the liquid and solid 
as well as the gaseous state and is alterable 
with pressure and temperature according to 
the van der Waals equation. 

Traube proceeded to interpret manv 
physical properties of matter — hardness, 
elasticity, compressibility, thermal expan- 
sion, diffusion, viscosity, melting poinis, 
heats of combustion and vaporization, spe- 
cific heat, and other properties — ^in the ligjit 
of these concepts.'* 

He held the view that a more rational sys- 
tem of the chemical elements could be 
achieved by considering atomic volumes as 
of primary importance, rather than atomic 
weights. At that time there were still diffi- 
culties in the periodic system of the elements 
as formulated by Mendeleef and Lolhar 
Meyer. The order of atomic weights was not 
always in harmony with the order that ap- 
peared rational in the light of the general 
properties of related elements — cobalt and 
nickel, for instance, were out of order, as 
were telluriimi and iodine. A few year later 
these discrepancies were resolved by the 
work of Rutherford, Bohr, and Moseley, 
which demonstrated that atomic number 
not atomic weight, was fundamental. In the 
context of his time, however, Traube could 
marshal some impressive arguments for his 
view. Necessarily such a view was complex; 
he could not classify the elements by assign- 
ing any single number to each, for he himself 
emphasized that atomic volumes were vari- 
ables, not constants; but the very complexit>' 
of the data concerning atomic volumes could 
emphasize multiple subtle relations that 
might not otherwise be perceived. This par 
ticular line of thought has vanished, being 
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swept aside by the immense discoveries and 
new perspectives that emerged only a few 
years later; but it remains significant for those 
concerned with the history of scientific 
ideas." 

Volume Changes on Ion Formation: 
The Electrostriction Hypothesis and 
Traube's Critique 

In 1 894 Drude and Nemst pointed out that 
the electric field around an ion, immersed in 
a dielectric medium, would cause the me- 
dium to pack more compactly around the 
ion, if sudi dose paddng would increase the 
dielectric constant of the medium. The con- 
traction would increase as the dielectric con- 
stant diminished, and would be greater for 
highly compressible solvents. They noted 
that the ionization of acetic add and chlo- 
roacetic add involved a decrease in volume 
of the order of —11 cm'/mole, and the ion- 
ization of water involved a decrease nearly 
twice as great as this. This, they held, could 
be explained by the electrostriction effect. 
This work is of interest as being one of the 
earliest studies in which the effect of the 
electrostatic field of the ions on the sur- 
rounding medium was explidtly consid- 
ered.'* 

Traube was unwilling to accept this ex- 
planation. His work had shown clearly that 
the transfer of uncharged organic molecules, 
from the pure organic liquid state to dilute 
aqueous solution, involved a substantial 
volume contraction, which could be as large 
as 12-13 cm^/mole for non-assodated liq- 
uids. (This corresponds to the difference be- 
tween the two covolumes and 0, which 
we have already discussed). He interpreted 
this as representing an interaction, involving 
a volume decrease, between the solute and 
the water. This was of much the same mag- 
nitude as the decrease on ionization of acetic 
add and other adds. He therefore postulated 
that every added solute partide, when dis- 
solved in water, gave rise to such a volume 
contraction, whether the solute was an ion 



or a neutral molecule. When a compound 
such as acetic acid ionized, he said, a single 
uncharged molecule gave rise to two ions. It 
was this increase in the number of solute 
partides, he believed, not the fad that tiie 
products of the dissodation were charged 
ions, that was significant in producing a vol- 
ume contraction.^^ 

Traube's explanation of the contraction 
was plausible and appeared to fit the existing 
facts. Perhaps the most definite test of the 
electrostriction hypothesis came about forty 
years later, from studies on amino adds. I 
must note titiat in this matter I am not a de- 
tached historian, since I was a member of 
the group that did the amino add work, in 
the laboratory of Physical Chemistry at Har- 
vard Medical School headed by Edwin J. 
Cohn. This work arose from the fundamental 
studies of E. Q. Adams and of N. Bjerrum 
who had conduded that the aliphatic amino 
adds must exist, when electrically neutral, 
primarily — indeed almost entirely — in the 
form of dipolar ions (Zwitterionen) with the 
formula ^HaN • CH(R) • COO", rather than as 
isomeric uncharged molecules HjN • CH- 
(R)-COOH.^« 

This led Cohn, and his younger associates, 
of whom I was one, to an extensive study of 
various properties of amino adds and related 
compounds in the light of this postulated 
structure. In our studies on volumes it was 
soon apparent that the molecular solution 
volume (apparent molar volume) of an 
amino add was substantially smaller than 
that of isomeric substances that did not carry 
such charged groups. 

Thus for example the simplest amino add, 
glydne, if its structure corresponded to the 
earlier accepted formula, H2N • CH2 • COOH, 
(C2H5O2N) should give by summation of 
Traube's atomic volumes in Table II, a value 
of I V. = 42.9 cmVmole. Adding 12.4 for 
the covolume would give an expected of 
55.3 cm^/mole. This is dose to the observed 
value for an isomer of glydne, glycolamide 
(CHjOH-CONHa) which is 56.2; but the 
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value for glycine itself is only 43.5. The ob- 
served glycine value happens to be very close 
to Z Va/ but this is accidental, as can be seen 
by comparison with other paixs of isomers 
in Table HI. The uncharged compounds all 
have Vm values very close to those calculated 
by Traube's procedure. The amino adds, in- 
cluding the peptide glycylglycine, which 
carry simultaneously positive and negative 
ionic groups, all have markedly lower 
values than their uncharged isomers. There 
is no question here of dissociation into dif- 
ferent numbers of particles, as there is with 
the ionization of adds. The differences be- 
tween the isomers must therefore be due to 
an electrostriction effect, as proposed by 
Drude and Nernst. The values (£) of this ef- 
fect, as seen in the last column of Table III, 
increase with the separation between the 
positive and negative charges, as would be 
expected since the packing of water dipoles 
around the charges proceeds with less mu- 
tual interference if the charges are far apart.^' 
Thus these studies on amino acids appeared 
to provide full confirmation of the electro- 



striction hypothesis. Traube, who had done 
more than any other one person to correlate 
molecular volumes with structure, was 
wrong on this particular issue. His views on 
this matter were interwoven with his con- 
troversial interpretation of the ionization 
theory of Arrhenius, to which we turn next. 

TuF Ionization of Electrolytes: Tral be 
As AN Ambivalent Critic of Arrhenius 
AND van't Hoff 

In 1883, as a young man of 23 in Heidel- 
berg, Traube had been studying the work of 
Raoult, Wiillner and other authors on the 
vapor pressure of aqueous solutions of elec- 
trolytes and nonelectrolytes. This inspired 
him, early in 1884, to compose a manuscript 
"Uber die Beziehungen einiger fur Losungen 
imd Gase aimahrend geltenden Gesetze." 
The manuscript ai^>arently does not survive; 
we have only Traube's summary in his 
memoirs: "Like numbers of molecules of di- 
verse substances, dissolved in a constant 
amount of water, diminish the vapor tension 



Table III 

Apparent Molar Volumes of Dipolar Ions and Their Uncharged Isomers at 25**C 
(£ denotes the difference in each case between charged and uncharged isomers) 



Substance 9.(Tniube) o«(obs) E 



Glycolamide (CH2OH • CONH2) 


57.2 


56.2 




Glycine (+HjN • CH, • COO) 




43.5 


12.7 


Lactamidf (CH3CHOH • CONH,) 


73.5 


73.8 




a Alanine (* H^N ■ CH(CH,)COO ) 




60.6 


13.2 


^J-Alanine HjN • CH2 • CH. • COO ) 




58.9 


14.9 


Methvihvdantoic And (H ,N • COM 1 ■ CI l(CHOCOOH) 


90.0 


94.2 




Glycvlglycine (* 1 • CI • CONH • Ct ijCOOH ) 




77.2 


17.0 



All values are in cni\/m(il. The values in the (Traube) column are calculated from Traube's atomic volumes, 
listed m l abie H, except that the value for a CHj group is taken as 16.3 at 25°, instead of 16.1 at IS^C. The covolume 
is taken as 12.4 cm'/mole. The electrostriction, E, is given by the observed difference in v„ between a dipolar km 
and its unchari;i'd isomer. This involves the assumption that the v<»lume contribution of a nitrogen atom (1.5 cm'/ 
mole) IS the same whether the nitrogen is tnvalent or is quadncovalent and positively charged. This is in contradiction 
to Traube's assumption (Table II) that the latter form of nitrogen makes a much larger contribution to tfie volume 
than trivalent nitrogen does If Traube's values were used here, the calculated electrostriction values would be laiger 
than listed here, by 9.2 cm'/mole. This seems improbable. 

This Table is based on work of T. L. McMeekin et al. and is taken, with some modification, from Cohn and EdsaD 
(see note 19), p. 158. 
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of water, and diminish the temperahire of 
maximum density, to the same extent. I 
p>ointed out the analogy with the laws of 
Boyle, Gay Lussac, and Avogadro. 

"Raoult had detennined tfiat the molec- 
ular lowering of the freezing point for many 
substances was twice as great as for many 
otfierS/ but he avoided adopting such a hy- 
pK>tHesis as that of Arrhenius to explain these 
facts. Raoult pointed out that these molecular 
numbers stood in integral ratios, n:m. He was 
however inclined to set n = m, and to assume 
that the observed anomalies were perhaps 
to be attributed to an association of die mol- 
ecules. The molecular lowerings of tfie 
freezing point behaved as if one might con- 
clude that a salt like KCl was dissociated into 
its ions. [He added a quotation from Raoult, 
which in English translation reads]: 

But to infer firom this a real separation of the ions, 
when they are dissolved, would be, to my mind, 
scarcely logical. I would maintain what I have 
said before: salts dissolved in water are in a special 
state in which the ions, despite the fact that they 
are combined, nevertheless act on the solvent so 
as to produce the same physical effects as if they 
were free ions.** 

"One may see at once," writes Traube, 
"that there is a difference between the as- 
sumptions of Raoult-Traube and the later 
assumptions of van't Hoff- Arrhenius". 
However there was clearly a close relation 
between the two in the application of the 
gas laws to solutions. 

Traube had some hesitation about sub- 
mitting his manuscript for publication, 
and sent it for advice to Lothar Meyer, 
whose book. Die Modemen Theorien der 
Chemie, had greatly impressed him. Meyer 
replied at length on 11 March 1 884, in a letter 
that Traube gives in full. The main point of 
his advice was for Traube to lay the manu- 
script aside for a year or two, to devote him- 
self to experimental work. He admitted that, 
as a young man, he had not followed his 
own advice, but had published some purely 



theoretical papers, when theories were in a 
state of great confusion. In his words "there 
was a veritable Augean Stable of Theories 
in those days." Now (1884), he said, things 
are different we need solid experimental 
studies, on sound foundations, in which such 
variables as time, temperature, and masses 
of components are well defined. He advised 
Traube to strengthen his knowledge of 
mathematics, which would be of vital im- 
portance in years to come. There was an im- 
plication that Meyer had misgivings about 
the trustworthiness of Raoult's experimental 
work, though he did not state this explicitly. 

Traube followed Meyer's advice, and did 
not publish, but it is not surprising that his 
feelings were mixed. On the one hand he 
remarked: "This did no harm, for a few years 
later van't Hoff did it much better than 1."*' 
Yet clearly he had a sense of lasting regret, 
which led him, nearly fifty years later, to 
send a copy of that early manuscript, with 
some description of its history, to the emi- 
nent chemist Paul Walden in Rostock. Wal- 
den replied two weeks later (11 November 
1932) with a gracious and quite charming 
letter, expressing regret that Meyer had dis- 
suaded Traube from publishing the artide. 
The best new theories, he said, often arise 
in young minds that are not oppressed by a 
great mass of experimental material, or in- 
hibited by the dignity of an established po- 
sition. He mentioned Robert Mayer's ideas 
on energy, and van't Hoff's conception of 
the tetrahedral carbon atom, as examples, 
and expressed regret that the 24-year-old 
Traube had not gone ahead to publish his 
ideas. 

The date of this letter is worth noting. 
Within three months Hitler would be Chan- 
cellor of Germany, and in less than a year 
after that Traube would leave Germany, 
never to return.*^ 

We return to the early days of physical 
chemistry, and the publication of the epoch- 
making papers of van't Hoff and Arrhenius 
in the fint volume of the Zeitschrift fair Phy- 
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sikalische Chemie.*^ Their subject matter was 
the same as that of Traube's unpublished 
paper, but it was undoubtedly developed 
much more fully and adequately than Traube 
would have done it. In any case Traube, 
though profoundly impressed by dteir work, 
differed strongly with some of their funda- 
mental conceptions. Van't Hoff, drawing 
largely on the osmotic pressure studies of 
the botanist W. Pfeffer, showed that the os- 
motic pressure (H) of dilute aqueous solu- 
tions was given to a very good approximation 
by the limiting equation 

n = RTm = RTn/V (11) 

where n is the number of moles of solute in 
volume V, which corresponds to the perfect 

gas law, writing 11 instead of the gas pressure 
P. He showed also the intimate thermody- 
namic relation of osmotic pressure with the 
lowering of solvent vapor pressure and with 
the freezing point depression. He empha- 
sized the analogy of gas pressure with os- 
motic pressure. 

In the first case it is due to the impacts of the gas 
molecules on the containing walls, in the second 
to the impacts of the dissolved molecules on the 

semipermeable membrane. The molecules of the 
solvent present on both sides of the membrane, 
since they pass freely through it, need not be taken 
into consideration.** 

This statement raised a conceptual diffi- 
culty that Lothar Meyer soon pointed out. A 
gas inside a container exerts an outward 
pressure due to the bombardment of tiie 
container walls by the gas molecules inside; 
but when a solution is confined inside a 
semipermeable membrane, with pure solvent 
outside, the spontaneous direction of solvent 
flow is into the solution. A pressure, the os- 
motic pressure, has to be applied to the inner 
solution to keep solvent from flowing in. 
Numerically van't Hoff's equation appears 
to fit the facts, but it has the wrong sign. 

Van't Hoff, replying to his "greatly hon- 
ored critic" (mein hochvehrerter Gegner) 



proposed a conceptual experiment. Consider 
a semipermeable membrane, permeable to 
hydrogen but impermeable to nitrogen, v^ath 
nitrogen confined inside. Now add hydrogen 
outside; it will pass through the membrane 
until the hydrogen pressure is equal on both 
sides, though the total pressure is greater on 
the inside. Then surely we must attribute Uus 
excess pressure to the nitrogen. Now imagine 
the hydrogen pressure to increase until it be- 
comes a liquid. The nitrogen on the inside is 
now the dilute solute, dissolved in a great 
excess of hydrogen; yet since it is hydro- 
gen that is in equilibrium between tiie two 
sides, it must still be the nitrogen on the in- 
side that is responsible for the excess pres- 
sure. In any case, said van't Hoff, however 
we look at this argument, the limiring equa- 
tion is soundly based on thermodyriamic 
grounds. Although this was indeed true, it 
took years to formulate the thermodynamic 
argument in a way that was readily under- 
standable and convincing to most chemists.*^ 
Traube's criticism of the views of van't 
Hoff and Arrhenius arose primarily from his 
conviction that the analogy between solu- 
tions and gases neglected the basic fact of 
interaction between ttie solute and the sol- 
vent Moreover the conception that such a 
solid crystal as rock salt, on dissolving in 
water, would break up into charged ions that 
could wander freely and independently 
through the solution, affronted his notions 
of what was chemically reasonable. That was 
his foremost reason for questioning the 
scheme of Arrhenius, in a paper that ap- 
peared in 1890. He also listed fourteen otfier 
queries and objections, involving diffusion, 
freezing point data, colors of salts, heats of 
"dissociation" and other items. He empha- 
sized correctly that the Ostwald dilution law 
held only for weak electrolytes, but many oi 
his points seem today somewhat obscure and 
confused. Ostwald in his journal wrote a 
caustic Referat of Traube's paper "Misun- 
derstood marginal notes on the theory of 
Arrhenius, which deserve no furdier discus- 
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sion." Arrhenius replied, however, in two 
papers in the Berichte (1891). In the second 
of these he pointed out some serious errors 
in Traube's measurements of the freezing 
points of sucrose (cane sugar) solutions, 
which Traube had used to bolster some of 
his arguments. Traube's data were in con- 
tradiction to those from four other labora- 
tories, including those of Arrhenius and van't 
Hoff, which all agreed well among them- 
selves. Plainly Traube's data were in error, 
and he appears at his weakest in this partic- 
ular controversy. 

In 1892 Traube clarified his views by 
drav^ng a fairly sharp distinction between 
the concept of ionization, which he accepted, 
and that of dissociation. It was the idea of 
ions as freely dissociated particles, which 
could wander separately through the solu- 
tion, that he could not accept. Instead he 
pictured the ions of a salt, in solution, as still 
coupled to one another by electrical attrac- 
tion, as if they were tethered on a leash that 
allowed them to move apart a little way, but 
not to wander independently, except by ex- 
change with other neighboring ions. The as- 
sociation of ions with water molecules was 
also an essential part of his picture. In some 
writings he saw this as an attachment of one 
water molecule per ion, sometimes with 
more water than that. An undissociated 
molecule of salt, he postulated, should also 
have at least two associated water mole- 
cules.** 

Traube received support for his criticisms 
of Arrhenius from two well-known physi- 
cists. J. H. Poynting of Birmingham wrote to 
him: "As to the case of an electrolyte I have 
no objection to urge against the dissociation 
of NaCl, provided that the Na and the CI 
are not free but separately combined with 
the H2O molecules." Traube agreed, and 
welcomed Poynting's support. G. F. Fitzger- 
ald wrote from Dublin: 

For me you seem to hold quite sound views and 
I regret that, at the time I wrote the Helmholtz 



Memorial Lecture, I was unable to discover the 
law of contraction you have demonstrated. . . . 
I am very glad that German scientific men are 
taking up that position, that the part played by 
the solvent must not be left out of account. I am 
the better pleased at it because it is very unfor- 
tunate if scientific questions get into the condition 
of being called "The English view" and "The 
German view." 

Traube was clearly comforted by this kind 
of support from distinguished colleagues 
abroad, in his rather lonely stand against the 
prevailing views among his contemporaries 
in Germany."^ 

Traube published a textbook Grundriss der 
Physikalischen Chemie in 1904. In this he 
dealt with electrolytic dissociation in two 
stages; first presenting the theory from the 
point of view of Arrhenius, as Traube un- 
derstood him, then following with five pages, 
presenting his own interpretation of the data. 
He emphasized that the mass action law was 
vahd only for weak electrolytes, and for the 
role of solvent-solute interaction and binding 
he again coupled his views with those of 
Poynting. He also emphasized the evidence 
for the interaction of ions with solvent mol- 
ecules from the volume contraction on mix- 
ing solvent and solute, which had played so 
large a role in his work on molecular vol- 
umes. 

Central in Traube's thinking about solu- 
tions was the concept that he termed Haft- 
druck; in one of his papers, published in 
English, in 1910, this was translated as "at- 
traction pressure," in another as "cohesion 
pressure." In the former paper he writes that 
the attraction pressure is "the cohesion con- 
stant ai2 of van der Waals. The attraction 
pressure is the intensity factor of the solution 
energy and has been neglected in the theories 
by van't Hoff and Arrhenius. 

If for example we dissolve in water a substance 
like sugar or alcohol, we change the energy con- 
tent of the system to a certain extent. This change 
is proportional, firstly to the number of the dis- 
solved particles — that is a capacity factor — and 
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proportional secondly to an intensity factor "the 
attraction pressure," that is the pressure which 
corresponds to the union of the substance and 
die solvent. 

There is scarcely a single physical or physio- 
logical property of the solutions, which is not in- 
timately connected with the attraction pressure. 

He then sets forth the role of the attraction 
pressure in determining the properties of so- 
lutions. For ions he gives a long list of such 
properties, including surface tension, com- 
pressibility, effect on solubility of proteins 
and nonelectrolytes/ diffusion coefficients, 
molecular volumes, heats of solution, and 
various others. For each property he gives a 
rank order of titie principal cations and an- 
ions, an order generally much the same for 
the different listed properties but differing 
somewhat from one to another. He gives a 
similar but somewhat shorter discussion of 
various properties of nonelectrolytes, em- 
phasizing the phyaological role of attraction 
pressure, for by Uus time his interests largely 
centered on physiology and physical bio- 
chemistry. Nowhere, however, does he give 
any quantitative estimate of the magnitude 
of the attraction pressure, nor indeed any 
indication of how such quantitative data 
might be obtained. The concept of Haftdruck, 
however, permeates his thinking throughout 
the rest of his career, and he constantly re- 
turns to it in his biochemical and colloidal 
studies.*^ 

Many years later, in 1933, not long before 
he was to say farewell to Germany, Traube 
looked back on the progress of the theory of 
solutions, especially electrolyte solutions, 
which had achieved such great advances in 
quantitative understanding, through the 
work of Niels Bjerrum and others, culmi- 
nating in the interionic attraction theory of 
Debye and Hiickel. He wrote, in Kolloid- 
Beihefte, an extensive review hailing the new 
advances, and reviewing his long years as a 
critic of the limitations of the theories of Ar- 
rhenius and van't Hoff . Primarily this was a 
backward look over the development of his 



own ideas and the resistance he encountered 
in many quarters. He traced his concept of 
Haftdruck — or Haftintensitat, as he later pre- 
ferred to call it — through its development 
over nearly thirty years, and its applicatian 
to surface tension, osmotic phenomeiia, 
electrical potential, and other pr o p erties, in- 
cluding its biological significance for such 
problems as permeability and narcosis At 
the end he remarked that his critics pointed 
out that the Haftdruck theory had only a 
qualitative character, but he held that the 
work of W. B. Hardy, W. D. Haildns, and 
others pointed the way toward determining 
the HaftintemitSl (or work of adhesion) in 
surface films; and there were ottier piouusmg 
approaches also. 

Wolfgang Ostwald, the Editor of KoIIoid- 
Beihefte (and son of Wilhelm Ostwald) ap- 
pended a short editorial comment on 
Traube's review. Some of his comments de- 
serve quotation: 

The undersigned (and probably also many other 
readers) cannot subscribe without qualification to 
all the author's views, especially in the ciiticisins 
he has offered regarding the histmical develop- 
ment of the field. 

The service of I. Traube, in persistently calling 
attention to inadequacies in the classical theories, 
is indisputable. The view that not only the number 
of particles, but also the forces between them, of 
varying nature and magnitude, must be respon- 
sible for the behavior of a solution (or indeed for 
a disperse system) — this now represents the out- 
look of many researchers, and in a historical pre- 
sentation of these considerations the name of 1. 
Traube must stand in the front rank. But in tfte 
synthetic part of the author's researches, in ttie 
so-called Haftdrucktheorie, the undersigned cannot 
see a quantitative solution of the inadequacies of 
the older theory, but only a preliminary phenom- 
epolog^cal formulation of the problem. And one 
cannot say that the newer theory of electrolytes, 
by Debye and Hiickel and other investigators, in 
which the forces between the particles play an 
essential role, is a consequence of the objections 
[to the older theory] that 1. Traube has raised for 
decades past." 
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Traube looked upon himself as a forerun- 
ner of the advances in the quantitative theory 
of electrolytes that cuhninated in the work 
of Debye and Hiickel; but they, and such 
other investigators as G. N. Lewis and Niels 
Bjerrum, did their work with a background 
in physics and mathematics, which Traube 
did not possess. He was a largely forgotten 
prophet, for the leaders of the new age were 
working in realms of thought where he could 
not follow. As Wolfenden has remarked: 
. . The anomaly of strong electrolytes 
was a problem which only physicists could 
solve and in whose solution only chemists 
were interested."^' Traube came nowhere 
near solving the problem, but neither did any 
of his contemporaries, some of whom were 
much better equipped with knowledge of 
mathematics ami physics. It grieved him tfiat 
his efforts had been forgotten by the chemists 
of €tie younger generation, but that was a 
fate that he has shared with others.^^ 

Traube's Contributions to 

Biochemistry, Pharmacology, 
Medicinal Chemistry and 
Colloid Chemistry 

In 1900 Traube received the title of Pro- 
fessor {extraordinarius) at the Technische 
Hochschule in Berlin, but his situation was 
evidently difficult. He never became Profes- 
sor ordinarius in spite of achievements in 
research for which (as he put it) many "Or- 
dinarien" could have envied him. He con- 
sidered his treatment by certain influential 
persons as involving humiliations (Demiiti- 
gungen), and concluded that, as a matter of 
necessity, he must turn the direction of his 
research from general physical chemistry to 
colloid chemistry." 

However, even though this shift of inter- 
ests may have occurred under the ir\fluence 
of external pressure, Traube pursued re- 
seardi in this new area with his accustomed 
intensity and energy. By his own account he 
lacked technical assistants and adequate 



laboratory equipment, and had relatively few 
well-trained students to work with him. 

There was, howeva, an enduring conti- 
nuity in his intellectual outlook. His early 
work on surface tensions of orgartic com- 
pounds in water, and on the tendency of 
compounds containing nonpolar groups to 
concentrate at interfaces, was central to his 
thinking about such biological phenomena 
as cell permeability, narcosis, toxicology, and 
the action of drugs. Also the concept of 
HaftdrucK which we have already discussed, 
was one to which he constantly returned. 

What factors determined the permeability 
of living cells to certain substances, and their 
impermeability to others? Before 1890 there 
had been important observations on a few 
substances, such as urea and glycerol, by K. 
Klebs and by Hugo de Vries, later famous 
for his work in genetics. During the following 
decade a young man, (Charles) Ernest Over- 
ton (1865-1933) transformed the field. 
Overton, son of an English clergyman, lived 
in England until 1882, when his mother 
moved to Switzerland for her health, taking 
her children with her. Overton obtained his 
doctorate in botany in 1889 at the University 
of Zurich, where he remained until 1901, a 
period in which he did his most creative 
work. Then he moved to Wiirzburg, Ger- 
many, until 1907, when he became Professor 
of Pharmacology at the University of Lund 
in Sweden. 

Studying the rate of penetration of more 
than 200 organic and inorganic substances 
into various plant and animal cells, Overton 
found a systematic correlaticm between their 
penetration into cells and their tendency to 
dissolve in fatty solvents (such as olive oil) 
rather than in water. There were, of course, 
some variations between different types of 
cells. In general, however, the correlation 
appeared good. The most notable exception 
to the rule was water itself. Its ready entry 
into cells had to be explained on other 
grounds, such as the small size of the water 
molecules. In general, however the lipid (or 
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lipoid) solubility theory served well to cor- 
relate a large body of experimental facts. (The 
term used in Overton's day was lipoid, for 
this dass of substances; later, around 1930, 
it was officially changed to lipid). Overton 
suggested that cholesterol and lecithin, or 
closely similar substances, might play an im- 
portant role in the membrane structure, 
thereby favoring the transport of fat-soluble 
substances across the membrane. 

Overton also noted that many of the sub- 
stances that readily penetrated the cell also 
possessed narcotic action; permeability and 
narcosis were closely, though not invariably, 
related. He developed these ideas in detail 
in a short monograph (1901) — the only book 
he ever wrote. Independently the distin- 
guished pharmacologist Hans Horst Meyer 
(1853-1939) in Marburg (later in Vienna) 
developed views, concerning narcosis, al- 
most identical widi those of Overton, though 
on a less extensive experimental basis. Their 
concepts were often referred to as the 
Meyer-Overton theory of narcotic action. 

Traube, while expressing great admiration 
for the contributions of Overton and Meyer, 
held that the tendency of a substance to 
lower surface tension was more fundamen- 
tally correlated with ceU permeability and 
narcotic action, than was its solubility in fatty 
solvents. "Surface active" compounds would 
tend to accumulate at an interface, such as 
a membrane separating the cytoplasm of a 
cell from the liquid phase outside. Their ac- 
tual passage through the membrane of 
course depended fundamentally on the na- 
ture of the membrane itself, but here also 
there was a high correlation between rate of 
passage and either lipid solubility or surface 
activity. For Traube the correlation with the 
latter property appeared closer and more 
fundamentally based than with the former, 
and he argued his point of view vigorously 
and repeatedly from the time when he first 
enunciated it in 1904." 

Traube believed that most contemporary 
physiologists, pharmacologists, and immu- 



nologjsts laid too much stress on the chemical 
structure of the compounds they were 
studying, and paid too Utde attention to the 
physical chemistry of the systems involved. 
He thus considered tiiat Paul Ehriidi, witii 
his sidechain theory of immunological pro- 
cesses, held a limited and one-sided view 
and he noted with pleasure that such an em- 
inent pharmacologist as Hans Horst Meyer 
became in time more sympathetic to 
the physico-diemical view advocated by 
Traube** 

Traube wrote many papers on the mech- 
anism of narcosis. He regarded narcotics as 
substances that inhibited cellular activit\', 
notably oxidative and especially electrical 
activity. In a paper with P. Klein he stressed 
the importance of the state of dispersity of 
many narcotics as a determinant of tiieir ac- 
tivity or inactivity. Making use of the ul- 
tramicroscope and of light-scatteiing mea- 
surements, Traube and Klein found that 
many hydrocarbons, also halogen alkyl de- 
rivatives, and such substances as amyl al- 
cohol and aniline, were present, in aqueous 
solution, at least in part, in a colloidal state 
in which they lacked narcotic activity, 
whereas they were active in molecular dis- 
persion. It was observations of this sort thai 
led Traube to the view that pharmacological 
acrivity was largely dependent on physical 
conditions, and that these had been ne- 
glected by those who emphasized only 
chemical specificity.^^ 

Traube seems to have had difficulty in 
converting others to his views on penne- 
ability and narcosis. Surface activity and 
solubility of substances in fatty solvents were 
highly correlated. Thus, to many investiga- 
tors, it was difficult to see any clear basis of 
distinction between Traube's theory and that 
of Overton and Meyer. It would appear that 
most others did not consider Traube's views 
to be wrong; rather they thought that he was 
merely translating the lipid solubility theory 
into a different language. This appears, for 
instance, to have been the attitude of Rudolf 
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Hober, author of the widely influential text- 
book Physikalische Chemie der Zelle und der 
Gewebe. Hober remarked, in one article, on 
the "flood of papers" in which Traube was 
trying to persuade others to use a different 
language in describing the phenomena of 
permeability and narcosis. Traube replied 
that he still hoped to persuade Hdber of the 
correctness of his views, even if another 
flood of papers might be required to do it. 

In a later edition of his textbook (1922- 
24) Hober gave a comprehensive discussion 
of problems of permeability and of narcosis. 
In these two long chapters, he brought out 
clearly the complexity of the experimental 
data, which could not aU be fitted into any 
simple theory. On the whole Hober tended 
to favor the views of Overton and Meyer, 
rather than those of Traube, but he did dis- 
cuss Traube's views in considerable detail, 
and treated them with respect. Hober rec- 
ognized the importance of Traube's work on 
stjurface tensions, which he discussed in an 
earlier chapter. In contrast, we may note that 
W. M. Bayliss in London, in his great and 
influential treatise Principles of General Phys- 
iology, did not include any of Traube's work 
in his bibliography, but did refer extensively 
to Overton and also to Meyer.^* 

At least one outstanding investigator. Otto 
Warburg, held Traube's theory to represent 
a real advance on that of Overton and Meyer. 
In a study of the oxidation of oxalic add on 
blood charcoal (1914) Warburg wrote: "We 
know today that, under the influence of nar- 
cotics, the ferments [in the living cell] are 
precipitated or that their active surface is di- 
minished. We know further that narcotics 
are concentrated in those regions of the cell 
where combustion takes place, upon which 
in all probability the major action of narcotics 
on ferment reactions in the cell depends. We 
know finally, at least for some narcotics, that 
they become concentrated [in such places] 
even after the lipids have been removed. All 
these facts, which can be explained on the 
hpid theory only by assumption of further 



hypotheses, are readily explained on the ba<- 
sis of Traube's point of view." Later, in 1928, 
in a survey of the field, Warburg cited 
Traube's work on surface tension of aqueous 
solutions as one of the essential foundations 
of the theory of narcosis.^' 

In one of his last papers on narcosis, 
Traube gave a broad view of the subject as 
it was then understood, modifying some of 
his earlier views and taking account of the 
views of his critics, though still holding to 
his general point of view. In the same year 
(1928) he published, with F, Dannenberg, a 
critical review of the permeability problem, 
in which they also reported new experimen- 
tal work. Dealing with various titeories that 
had been proposed, they rejected the simple 
concept of membranes as sieves that let 
through small molecules and hold back 
larger ones; a view which they ascribed to 
Moritz Traube, Collander, Ruhland, and L. 
Michaelis. Concerning permeability to ions, 
they recognized that the state of charge in 
the membrane could be crudal in determin- 
ing the possible passage of ions; only ions 
with the opposite sign of charge could pass 
through, and there might be further restric- 
tions even on these. They emphasized the 
different properties of various types of 
membranes. With collodion membranes, for 
instance, they found that amyl alcohol pen- 
etrates less readily than ethanol, in contra- 
diction to Traube's general correlation of 
penetrating power with surface activity. 
Thus, though the "surface activity" theory 
had led to valuable new insights, they ac- 
knowledged that it was not a truly general 
theory, and that such a theory must be quite 
complicated.'" 

Traube studied also the action of toxins, 
immunological phenomena, and the growth 
of plant cells and cancer cells. In aU cases he 
stressed the great importance of surface 
forces, and in the attempt to explain im- 
munological specificity on a physical basis 
he developed a "resonance" theory of an- 
tigen-antibody interaction. As far as I know. 
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the latter theory had little influence among 
the immunologists. In the study of cancer he 
again emphasized the role of surface-active 
compounds in the organism, citing also the 
work of certain Russian investigatois (Kagan, 
Soloviev) who found, in accord with 
Traube's views, that lowexii^ of surface ten- 
sion tended to run parallel with increased 
rate of growth of tumors. Traube, in later 
work with Dr. Else Knake, reported that the 
balance in growth of tissues between the de- 
velopment of epithelium and that of con- 
nective tissue was altered by factors that in- 
crease cell permeability. Dr. Knake found 
that various alcohols, fatty adds, amines, and 
other surface-active compounds promote the 
development of epithelium relative to con- 
nective tissue, and that this effect ran parallel 
to the lowering of surface tension by the 
compounds in question. Although Traube's 
work on cancer appears to have been largely 
forgotten in later years, he was elected in 
1925 as a fellow of the German Central 
Committee for Research and Prevention of 
Cancer (Deutsches Zentralkomitee zur Er- 
forschung and Bekampfung der Krebs- 
krankheit); an honor that he greatly valued.^' 
His activities ranged over many subjects 
that can only be mentioned here, such as his 
technical researches on the purification of 
tobacco, which led to patents in most coun- 
tries of the world. These processes served 
both to remove much of the nicotine and to 
improve the smoking quality of the tobacco. 
Traube served for many years as head of the 
company that employed the process com- 
mercially in Germany, imtil the Nazis came 
to power and removed him. Traube also was 
active, dtuing the First World War and af- 
terwards, in the development of synthetic 
rubber and rubber substitutes, in work on 
the stabilization of foams and emulsions, and 
in diverse other activities.''^ 

Traube as Editor of an 
International Journal 

Traube envisaged, organized and edited 
an international journal of physico-chemical 



biology which in happier times might have 
flourished and been widely influential. He 
enlisted the support and cooperation of three 
eminent associate editors, Jacques Loeb in 
New York, Victor Henri in Paris, and H. ). 
Hamburger in Gronii^en. Associated mem- 
bers of the editorial board of about fifty in- 
cluded such scientists as W. M. Bayliss (Lon- 
don), G. Bertrand (Paris), J. Bordet (Brussels), 
F. Bottazzi (Naples), H. von Euler (Stock- 
holm), O. von Fiirth (Vienna), E. N. Harvev 
(Princeton), L. J. Henderson (Cambridge, 
Mass.), K. Landsteiner (Vienna), A. B. Ma- 
callum (Toronto), T. Madsen (Copenhagen), 
Sven Oden (Uppsala), W. J. V. Osterhout 
(Cambridge, Mass.), W. Pauli (Vienna), T. B. 
Robertson (Berkeley), P. Rona (Berlin), 
S. P. L. S0rensen (Copenhagen) and others; 
a very distinguished list by any standards. 

Traube's preface to the opening issue of 
the Internationale Zeitschrift fitr Physikalisch- 
Chemische Biologie recalled the great impact 
on the world of science of the founding of 
the Zeitschrift fur Physikalische Chemie in 
1887, and emphasized that the time ap- 
peared ripe for a similar journal devoted to 
the role of physical chemistry in biology. This 
opening issue contained a truly international 
collection of papers; from the United States 
there were papers by E. N. Harvey, J. F. 
McClendon and others; from Denmark the 
great August Krogh had a contribution. 
There were of course papers from Traube 
himself. 

Traube could not know that he had 
launched the journal at the worst possible 
moment; this issue appeared in April 1914. 
Within four months Europe was engulfed in 
war. The spirit of international coopetatioa 
which had been so strong in the pre-war 
years, was profoundly shaken and torn 
Communication inevitably became difficxjlt 
The journal indeed did continue publication 
through several volumes, with its authorship 
increasingly confined to Germany and its al- 
lied neighbors. FinaUy, about the end of die 
war, it ceased publication — ^a casualty of 
the war." 
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Traube's Place in the Science 
OF HIS Time 

Except for the perpetuation of his name 
in "Traube's rule," Traube remains a largely 
forgotten figure today. This fate seems un- 
deserved. His experimental work on surface 
tensions of aqueous solutions of organic 
compounds was of outstanding range and 
quality; he grasped many of its implications, 
and set forth his conclusions with clarity in 
his major paper in 1 89 1 . It was not until more 
than a quarter of a century later that Irving 
Langmuir perceived the far-reaching signif- 
icance of Traube's work, in the course of his 
own great advances in the understanding of 
surface chemistry. Traube's work on molec- 
ular volumes of pure liquids, and especially 
on the apparent molar volumes of dissolved 
molecules in water and other solvents, was 
also a major contribution, and clearly influ- 
enced others. Sir William Ramsay wrote to 
him, 17 March 1897: "Recently I have read 
all your papers on specific volumes, and I 
cannot fail to tell you of my great admiration 
for the beautiful relations which you have 
derived from this work. It is really splendid 
that you have thrown light on such compli- 
cated problems, and I heartily congratulate 
you." Ramsay went on to say that Traube's 
work would greatly enhance the interest of 
studies on the compressibility of solutions 
that were going on in his own laboratory.^ 
I have already noted the relation of Traube's 
work on molecular volumes to that of Theo- 
dore Richards, and his influence on the work 
at Harvard Medical School, in the laboratory 
headed by E. J. Cohn, in the 1930s. Traube's 
interpretation of molecular covolumes, and 
his extension of the van der Waals equation 
to liquids and solids, remain stimulating and 
imaginative ideas that may yet exert future 
influence. 

His criticism of the views of van't Hoff 
and Arrhenius, on the nature of solutions 
and the phenomenon of ionization, was 
based primarily on what he considered their 
neglect of solvent-solute interactions. Nev- 



ertheless he considered their work to rep- 
resent the greatest advance in physical 
chemistry during the last two decades of the 
nineteenth century, and indeed he had an- 
ticipated some of their conclusions in his 
early unpublished manuscript of 1883. His 
criticisms of their views look somewhat con- 
fused to the eyes of a modem reader, but his 
confusion was shared by various distin- 
guished contemporaries. He suffered because 
of these criticisms; Willhelm Ostwald did not 
accept any of his papers in the Zeitschrift fur 
Physikalische Chemie, and he was generally 
looked upon as an odd character by his con- 
temporaries and juniors in physical chem- 
istry in Germany. 

His later contributions to biochemistry, 
pharmacology, immunology, and colloid 
chemistry are more difficult to appraise. His 
earlier work on surface forces profoundly 
influenced his outlook on work in these 
areas, and with good reason. His emphasis 
on physical, rather than primarily chemical, 
interpretations of biological specificity was 
characteristic of many of his contemporaries 
in colloid science and related fields. Later 
work showed that the role of chemical spec- 
ificity was much greater than they had rec- 
ognized. Traube reinterpreted the perme- 
ability theories of Ernest Overton and H. H. 
Meyer, while expressing profound admira- 
tion for their achievements. His addiction to 
controversy was characteristic, and involved 
his personal dedication to the truth as he saw 
it; clearly no personal malice was involved 
in his disagreements with others, though his 
unceasing persistence in his criticisms must 
sometimes have been exasperating to those 
he criticized. He remains a rather lonely and 
certainly independent figure, whose 
achievements should not be forgotten. 

Acknowledgments 

I am greatly indebted to Dr. Sonja Boas- 
Traube, of Hayse Hill, Windsor, England for 
providing the original copies of her father's 
two autobiographies, and a detailed list of 




400 



JOHN T. EDSALL 



his publications. Copies of all this material 
have been deposited in the Edgar Fahs Smith 
Library, Center for the History of Chemistry, 
at the University of Pennsylvania, Philadel- 
phia; and in the library of the American 
Philosophical Sodety, aLso in Philadelphia. 
Dr. Boas-Traube has also given to the E. F. 
Smith Library a bound set of fourteen vol- 
umes of her father's papers, including his 
textbook of physical chemistry and the pub- 
lished volumes of the Internationale Zeit- 
schrift fur physikalisch-chemische Biologie. 
These materials proved of great value in the 
study of Traube's work. The late Sir Hans 



Krebs, whose mother was a first cousin of 
Traube, brought me into touch with Dr. 
Boas-Traube, and gave me helpful infor- 
mation during the last months of his life. Dr. 
Boas-Traube, in a series of letters, has sup- 
plied additional persoiud infonnation about 
her father. 

I thank Joseph S. Fruton and Erwin N. 
Hiebert for reading the manuscript and of- 
fering helpful suggestions and corrections. 

1 am indebted to the National Science 
Foundation for a grant, SOC 7912543, which 
provided essential support for this wock, 
especially in its earlier phases. 



Notes 



1. See for instance Charles Tanford, The Hydrophobic 
Effect: Formation of Micelles and Biological Mem- 
branes, Second Edition (New York: John Wiley and 
Sons, 1980), xi + 233 pp. Tanford's comments on 
Traube are on pages 2 and 3. 

2. See R. G. A. Dolby, "Debates over the Theory of 
Solution: a Study of Dissent in the English-Speaking 
World in the late Nineteenth and Early Twentieth 
Centuries," Historical Studies in the Physical Sciences 
(R. McCormmach, editor) 7 (1976): 297-494. This 
vahiable and comprehensive study does not men- 
tion Traube. 

3. Traube wrote two autobiographies: a short one (1 1 
typed pages) in 1930, entitled "50 Jahre Labora- 

toriumsarbeit" and a much longer one, "Lebenser- 
innerungen" (101 typed pages) in the last year of 
his life, 1942--43. In what follows, I dte the longer 
one by its title "Lebenserinnerungen" with page 
references; and the shorter one as "50 Jahre Artieit." 
Neither of these has been published; I am indebted 
to Traube's daughter. Dr. Sonja Boas-Traube, now 
living in Windsor, England, for sending me the 
original copies, together with a comprehensive bib- 
liography of her father's publications. Photocopies 
of all this material have been deposited in the library 
of the American Philosophical Society in Philadel- 
phia, and in the Edgar Fahs Smith Library of the 
History of Chemistry at the University of Pennsyl- 
vania, also in Philadelphia. For further related 
comments see the Acknowledgments. 

4. Concerning the beauty and character of the old dty 
of Hildesheim, see for instance Hans Krebs, Rec- 
ollections and Reflections (Oxford: Clarendon Press, 
1981), especially pages 1-3. Krebs, whose mother 
was a first cousin of Traube, also grew up in Hil- 
desheim. The old city was almost completely de- 
stroyed by bombing in the last year of the Second 
World War, and since rebuilt as a modem city. For 
my indebtedness to Sir Hans Krebs, see Acknowl- 
edgments. 



5. "Lebenserinnerungen," p. 2. 

6. Concerning Baumann, see for instance Albrecht 

Kossel, "Eugen Baumann, 1846-1896," Zeitschrzf^ 
fur Physiologische Chemie 23 (1897): 1-22. For <^her 
references on Baumann, including a recent hock. 
see Joseph S. Fruton A Bio-Bibliography for the His- 
tory of the Biochemical Sciences since 1800 (1982) 
American Philosophical Society, Philadelphia, p. 43 

7. This account is drawn chiefly from the first 28 pagt< 
of the "Lebenserinnerui\gen," where he discusses 
his life and career, with interspersed accounts of 
his scientific work and ideas. The statement about 
his salary as ausserordentlicher Professor is from "50 
Jahre Aii>dt," 5. Concerning Dr. Gtiido Bodlandcr 
and his association with Traube, see note 24 below 

8. For three such articles see H. Freundlich, KolUnd 
Zeitschrift 50 (1930): 194-196; R. E. Liesegang, 
Chemiker-Zeitung 54 (1930): 249-251; L. J. Weber, 
Zeitschrift fur Angewandte Chemie 43 (1930): 272- 
274. 

9. In the "Lebenserinnerungen," Traube pro\'ides 
tually no glimpses of his persona! lite beyond the 
age of 30; in all the later pages he concentrates on 
a survey of his work and his ideas, which he waf 
obviously eager to set down in the closing months 
of his life. For information about his life in Soctland 
and marriages and children, I am indebted to letters 
from Dr. Sonja Boas-Traube, especially one dated 
12 January 1983. See also the obituary on Traube 
by D. H. Bangham, Nature 152 (1943): 743-744. 

10. For his first paper on surface tension, see I. Traube 
"Capillaritatserscheinungen in Beziehung zur Coi^ 
stitution und zum Molekulargewicht," Berichte da 
deutschen Chemischen Gesellschaft 17 (1884): 2294- 
2317; also a related paper in Journal fur Praktische 
Chemie (Neue Folge) 31 (1885): 177-218. 

11. "Lebenserinnerungen," p. 15. 

12. E Duclaux, "Sur la tension superficielle dans la serie 
des alcools et des addes gras," Annates de chimieet 
de physique 13 (1878 [5]): 76-101. Traube's Srst re- 
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searches in the field were done before he became 
aware of Duclaux's work; he added a footnote con- 
cerning Duclaux to a paf>er in 1 886, and discussed 
Duclaux's work in more detail in his major paper 
of 1891 (see next footnote). 
13. I. Traube, "Ueber die Capillaritatsconstanten or- 
garuscher Stoffe in wasserigen Losungen," Liebig's 
Annalen der Chemie 265 (1891): 27-55. In reading 
Traube's tables, one must remember that his symbol 
c denotes the reciprocal of the molar concentration 
of the solute, i.e. the dilution; and his symbol E 
denotes y° - y, where 7" is the surface tension of 
water and 7 is that of the solution in question, with 
values in dyne cm"'. The numerical values in the 
last column of each of the long tables of data, with 
the heading c • £ - 10, are thus values of (7° - 7)/ 
m, where m is the concentration of solute, in moles 
p>er liter. The absolute values of surface tension are 
listed in the column headed rhs/2 = a cos B. (Here 
r is the capillary radius, h is the rise of liquid in the 
capillary and s its density. The values in this column, 
however, must be multiplied by 1 0 to obtain surface 
tension in dyne cm"'. The angle of contact 6 (Rand- 
winkel) of the liquid with the capillary wall is as- 
sumed equal to 0° (cos 6 = \) although Traube was 
careful to note that this assumption is by no means 
assured. See his footnote on p. 28, with references 
to his earlier papers. Nevertheless, in the light of 
all subsequent work, the assumption appears to 
have been justified. 

Traube had perceived qualitatively the general 
relations involved in his later work, as early as 1 885, 
as shown most clearly by the figure (Tafel II) at- 
tached to his paper "Uber die Bestimmung der 
Capillaritatsconstanten einiger wassrigen und al- 
koholischen Losungen durch Beobachtung der 
Steighohen im capillaren Rohre," Journal fiir prak- 
tische Chemie (N.¥) 31 (1885): 177-218. (Note how- 
ever that Tafel II is placed, not in or near this paper, 
but opposite p. 272, at the end of that issue of the 
journal.) In this figure he plots the concentration 
data in volume percent of solute; a plot which, he 
later realized, obscured the quantitative relations 
that he later discovered. 

14. Traube, "Uber die Capillaritatsconstanten" (note 13) 
47-49. 

15. See Traube's table on p. 52 of his paper cited above. 

16. Bohdan von Szyszkowski, "Experimentelle Studien 
iiber kapillare Eigenschaften der wasserigen Lo- 
sungen von Fettsauren," Zeitschrift fiir Physikalische 
Chemie 64 (1908): 385-414. 

1 7. Irving Langmuir, "The constitution and fundamen- 
tal properties of solids and liquids. II. Liquids." 
Journal of the American Chemical Society 39 (1917): 
1848-1906. For Langmuir's detailed discussion of 
Traube's work, with an extensive table based on 
Traube's data, see pages 1889-1895 inclusive. 

18. Irving Langmuir, "Surface Chemistry," (Nobel 
Lecture) Chemical Reviews 13 (1933): 147-191. See 
p. 1 63 for the remarks cited. Also published in Gen- 
eral Electric Review 38 (1935): 402. 

19 Thomas L. McMeekin, Edwdn J. Cohn and John H. 
Weare, "Studies in the Physical Chemistry of Amino 



Acids, Peptides and Related Substances. III. The 
Solubility of Derivatives of the Amino Acids in Al- 
cohol-Water Mixtures," Journal of the American 
Chemical Society 57 (1935): 626-633. For a more 
comprehensive survey of this and related work, see 

E. J. Cohn and J. T. Edsall, "Proteins, Amino Adds 
and Peptides as Ions and Dipolar Ions" (Reinhold, 
New York 1943; reissued by Hafner, New York 
1965) Chapter 9, especially pp. 205-212. 

20. Sonja Boas-Traube and M. Volmer. "Uber die Giil- 
tigkeit der TRAUBEschen Regel fiir die Grenzflache 
fliissig/fliissig," Zeitschrift fiir Physikalische Chemie 
178 (1937): 323-335. 

21. For a classical paper on hydrophobic interactions 
see Walter Kauzmann, "Some Factors in the Inter- 
pretation of Protein Denaturation," Advances in 
Protein Chemistry 14 (1959): 1-63. For later reviews, 
see Felix Franks, "The Hydrophobic Interaction," 
in Water: a Comprehensive Treatise (F. Franks, editor) 
Vol. 4 pp 1-94 (Plenum Press, New York and Lon- 
don 1975). Also J. T. Edsall and H. A. McKenzie 
"Water and Proteins," Advances in Biophysics 
(Tokyo), 10 (1978): 137-208 and 16 (1983): 53-183, 
especially pp. 64-95 of the latter article. 

22. It has been difficult for me to find out how much 
was known by 1887 about the action of concen- 
trated salts in effecting such two-phase separations. 
Bodlander may have observed this in his own ex- 
periments, or he may simply have called to Traube's 
attention a phenomenon already known to others. 
Two reviews that I have consulted — Paul M. Gross, 
"The 'Salting-out' of Nonelectrolytes from Aqueous 
Solutions," Chemical Reviews 13 (1933): 91-101, and 

F. A. Long and W. F. McDevit, "Activity Coefficients 
of Nonelectrolyte Solutes in Aqueous Salt Solu- 
tions," Chemical Reviews 51 (1952): 119-169— cite 
as their earliest reference the work of J. Setschenow, 
Memoirs of the Imperial Academy of Sciences, St. 
Petersburg (7) 22, No. 6 (1875), wrhich I have not 
seen. Setschenow's later paper, "Uber die Konsti- 
tution der Salzlosungen auf Grund ihres Verhaltens 
zur Kohlensaure," Zeitschr. Physik. Chem. 4 (1889): 
1 17-125, deals with the salting out of carbon diox- 
ide, and his earlier papers apparently dealt also with 
solubility of gases in aqueous salt solutions. Oth- 
erwise the earliest reference to work in this field, 
in the reviews cited above, dates from 1899. 

23. See "Lebenserinnerungen," 22-28. 

24. Bodlander had been a pupil of the distinguished 
physiological chemist Moritz Traube, and later went 
back to work with him for a time after the ending 
of his partnership with Isidor Traube. Later he 
worked at the Mining Academy in Klausthal, then 
for some years in Nemst's laboratory in Gottingen, 
and finally became Professor of Chemistry in 
Braunschweig, where he died in 1904 at the age of 
49. Though he was not an investigator of the first 
rank, he was clearly held in high esteem by his 
colleagues; see the obituaries by A. Coehn, Berichte 
38 (1905): 4263-4290, by W. Nemst, Zeitschr. fiir 
Elektrochemie 11 (1905): 157-161 and by R. Abegg 
on p. 1 of the same volume. (So far as I am aware 
Moritz and Isidor Traube were not related.) 
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25. Kopp gave a comprehensive survey of his re- 
searches: "Uber die molekular Volume von Fliis- 
sigkeiten," Anmlen der Chemie 250 (1889): 1-117. 
For useful surveys of his life and work, see A. W. 
Hofmann, Berichte 25 (1892): 505-521, and T. E. 
Thorpe, Journal of the Chemical Society 63 (1893): 
776-815. Kopp was also notable as a historian of 
chemistry; concerning this work as well as his 
chemical activity, see M. Speter, Osiris 5 (1938): 
392-460. 

26. For further discussion of apprent molar volumes 
and partial molar volumes, see for instance G. N. 
Lewis and M. Randall, Thermodynamics (McGraw 
Hill, New York 1923), 33-40; or the revised version 
of this text by K. S. Pitzer and L. Brewer, 1961: pp. 
205-210. Most of their discussion is devoted to the 
partial molar volume, which is the differential vol- 
ume increment, per mole of solute added. For dilute 
solution, espedaily of nonelectrolytes, Traube's 

is sulfidendy dose to SVfdn 4iat we can disregard 
the difference between the two in our discussion. 

27. The existence of such a contraction was already weU 
known. For instance Dolby, "Debates over thie the- 
ory of solution" 301 (see note 2) cites the work of 
J. J. Griffin, Philosophical Magazine [3] 29 (1846): 
289-310 and 444-467, who discussed this vdume 
contraction in terms of internal pressure, and con- 
cluded that the increase of this pressure on mixing 
the liqukb was so large that it implied chemical 
combination between the components. 

28. Traube published numerous papers, from 1892 on, 
on his volume studies. His comprehensive review 
"Ober den Raum der Atome" in Sammlung chem- 
ischer und chemisch-technischer VortrUge (1899) 4: 
255-332 gave a comprehensive picture of his gen- 
eral outlook, with references to his earlier papers. 
For the paper with observed and calculated val- 
ues for 66 compounds, see "Uber das Molekular- 
volumen," Berichte 28 (1895): 2722-2728. He 
somewhat modified and extended his views in some 
later papers; see note 29. 

29. The review "Uber den Raum der Atome" (note 28) 
is the most convenient source for Traube's inter- 
pretation of the covolume. His later paper "Ueber 
Atom- und Molekularraiime," Annalen der Physik 
5 (1901): 548-564, developed his ideas somewhat 
further. In this he proposed other ways of estimating 
the volume b, inde(>endently of the summation of 
atomic volumes, making use of an equation pro- 
posed by van't Hoff for one calculation, and de- 
ducing volumes from molar refractivity in another 
approach. This paper is also significant for his in- 
creasing emphasis on the variability of atomic vol- 
umes. 

30. The quotation from "Ober den Raum der Atome" 

is on p. 276, that from his Annalen paper of 1901 
is on p. 550. See notes 28 and 29. 

31. The first paper by Richards bore the title "The pos- 
sible significance of changing atomic volume." 
Omitting the word "possible," the later papers used 
the same general heading. The subtitles were: "11. 
The probable source of the heat of chemical com- 



bination, and a new atomic hypothesis III The re- 
lahon of changing heat capacity to change of free 
energy, heat of reaction, change of volume, and 
chemical affinity. IV. The effects of chemical and 
cohesive internal pressure." They were pubbshed 
in English in the Proceedings of the Amcncan Academy 
of Arts and Sciences 37 (1901): 1-17; 37 (1902): 397- 
411; 38 (1902): 291-317; 39 (1904): 581-604; and 
in German translation in Ztschr. Physik. Chem. 40; 
(1902) 169-184, 597-610; 42: 129-154; 49 (1904): 
15-40. When quoting from Richards I use tfie orig- 
inal version in English. 

32. Richards plotted the data for the change of enthalpv 
(AH) and of free energy (AF) as a function of tem- 
perature, and extrapolated tfiem so as to indicate 
that they would tend to converge at 0°K. As G \ 
Lewis remarked later, "Except for the fact that these 
cells involved sdubons, the curves presented by 
Richards very nearly imply the generalization'^ 
which were later to be embodied in the third law 
of thermodynamics." See G. N. Lewis and M Ran- 
dall Thermodynamics (McGraw HiU, New York 1923) 
437. This passage is not given in the revised version 
of Lewis and Randall by K. S. Pitzer and L. Brewer. 
1961. 

Nemst formulated his heat theorem in 1905, tnit 
made no mention of the work of Richards, an omis- 
sion that Richards strongly resented. How far F?ich- 
ards may have perceived the larger implications of 
his findings is doubtful. Nemst evidently consideri"d 
that Richards had not perceived them; see the aitkie 
on Nemst by Erwin Hiebert in the Dictionary (^Sci- 
entific Biography 15, 432-453. 

33. The first quotation from this paper is on p 581 the 
first text-page of the English version. The footriote 
regarding Traube's work is on p. 583. The final sen- 
tence of this note is omitted in the German traits- 
lation. The reference to W. Miiller-Erzbach is to his 
paper. "Die Volumverhaltnisse bei der Bildungund 
Umsetzung von Sauerstoffsalzen im Vergleich mit 
den dabei entwickelten Warmemengen," Benchte 
14 (1881): 217-222, with a related paper in the A- 
nnalen der Physik und Chemie, Neue Folge 13: 528, 
which 1 have not seen. Miiller-Erzbach stated clearly 
a correlation between volume contraction and heat 
of reaction, and this had been called to Ridtards's 
attention, as noted in his second paper. 

34. Traube sets forth diese general views most eiq^bcitiy 

in "Die Eigenschaften der Stoffe als Funktionen der 
Atom- und Molekularraume und Gedaid^en iiber 
die Systematik der Elemente," ZeUsdir. fSr Aim- 
gani^che Chemie 40 (1904): 372-384; but many o! 
them are already well developed in "Uber den Raum 
der Atome" (note 28). 

35. Traube had put forward this general conception in 
a paper of 1894: "Die Grundlagen ernes neuen Sys- 
tems der Elemente," Berichte 27: 3179-3181. He 
repeated and elaborated his \iews in the references 
dted in notes 28, 29, and 34. In the "Lebenserin- 
nerungen," white leoognizing die grent flhmunation 
provided by the work of Rutherfofd and Bohr, he 
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still maintained the general value of his views on 
atomic vcdumes. 

36. P. Drude and W. Nemst, "Uber Electrostriktion 
duich fteie lonen," Ztschr. PhysikaL Chem. 15 (1894): 
79-85. 

37. I. Traube, "Uber die Ursache des osmotischen 
Drucks und der lonisation." Ztschr. Anorg. Chem. 8 
(1895): 323-337. In "Raum der Atome", 330 (note 
28) and again in the "Lebenserinnerungen," 41, he 
reaffirmed this view and rejected the electrosthction 
hypothesis. We may note that, after 1920, ). N. 
Brensted and others rewrote the equation, for ion- 
ization of such molecules as acetic add, as HAc 
+ H,0 ^ Ac" + HjO*. On this basis there is no 
change in the number of particles when such an 
acid ionizes, but simply a proton transfer from the 
add to water. However one cannot expect that 
Traube in 1895 could possibly have thought along 
such lines. 

38. Elliot Qcdncy Adams, "Relations between the con- 
stants of dibasic acids and of amphoteric electro- 
lytes," /. Amer. Chem. Soc. 38 (1916): 1503-1510. 
Niels Bjerrum, "Die Konstitution der Ampholyte, 
besonders der Aminosauren, und ihre Dissozia- 
tionskonstanten," Ztschr. Physik. Chem. 104 (1923): 
147-173. An English version is in N. Bjerrum, Se- 
lected Papers. (Munksgaard, Copenhagen 1949), pp. 
1 75-197. Bjerrum did not refer to Adams, and was 
obviously unaware of his work at that time. 

39. See E. J. Cohn, T. L. McMeekin, J. T. Edsall and 
M. H. Blanchard, "Studies in the physical chemistry 
of amino adds, peptides and related substances. I. 
The apparent molaJ volume and the electrostriction 
of the solvent," /. Amer. Chem. Soc. 56 (1934): 784- 
794. There are several other related papers from 
Cohn and his associates in the same journal (1935- 
36) and the results are effected in Cohn arul Edsall, 
"Pinoteins, Amino Adds and Peptides" (see note 19) 
155-165. 1 might add that all of us in those days 
took dectrostriction for granted. We found Traube's 
atomic volumes and covolume values very useful 
for calculation, but had failed to notice his dis- 
agreement with Drude and Nemst. Indeed I became 
aware of it only on reading the "Lebenserinnerun- 
gen," and then reexaniining Traube's early papers. 

For the badcground of this work at Harvard 
Medical School, which also involved George Scat- 
chard and John G. Kirkwood at M.I.T., and Jeffries 
Wynum in the Harvard Biological Laboratories, see 
J. T. Edsall, "Edwin Joseph Cohn (1892-1953)," 
Biog. Mem. Nat. Acad. Sci. 35 (1961): 47-84; and 
). T. Edsall and W. H. Stockmayer, "George Scat- 
chard (1892-1973)/' Biog. Mem. Nat Acad. Sci. 52 
(1980): 335-377. 

40. This passage, including tfie quotation from Raoult, 
is from "Lebenserinnerungen," 6-7. Traube does 
not give a reference for the quotation, and 1 have 
not found it in a cursory search of Raoult's writings; 
but it does reflect his general point of view. 

41. See "50 Jahre Arbeit" (note 3), p. 1. 

42. This account is based on "Lebenserinnerungen," 
4-10. Traube gives the complete text of the letters 



from Lothar Meyer and Walden, which I have 
briefly summarized here. Walden was a major figure 
in German and Russian chemistry, distinguished in 
physical chemistry and stereochemistry, discoverer 
of the stereochemical inversion that bears his name, 
and a learned historian of chemistry In the Nazi 
era he followed a very different course from that 
of the exiled Traube. Walden remained in Germany 
and made himself acceptable to the regime, pub- 
lishing articles concerning German chemistry and 
its "national way." These certainly did not constitute 
blatant Nazi propaganda, but they were probably 
well calculated to be acceptable to the authorities. 
When war came, he was indeed to know calamity, 
an air raid on Rostock in April 1942 totally destroyed 
his house, with its predous library of some ten 
thousand vohmies. He and his wife escaped with 
their lives, but for some five years they were wan- 
derers, until they found a haven in Tubingen in 
1947. There he died peacefully ten years later at 
93, See Walter Hiickel, "Paul Walden: 26 July 1863- 
22 Januar 1957," Chemische Bertchte9l, (1958): XIX- 
LXVI. Walden's own posthumously published au- 
tobiography We^c und Herbergi'u: Mein Lebcn, (Franz 
Steiner, Wiesbaden 1974, 130 pp) contains much 
of personal and scientific interest, but only one 
paragraph (pp 109-1 10) touches on his life during 
the Nazi era. Here he paints a dark picture, of the 
tragic effects on the young of the reversal of values, 
with destructive insane ideas and gross lies being 
propagated. He says that his modest charitable 
contributiot« went primarily to Jewish friends. One 
of his dosest friends and collaborators, from his 
eariier days in Riga, Professor M. Centnerszwer, 
was brutually murdered in the Warsaw Ghetto; to 
him this was "a stab in the heart." Nevertheless, 
he emphasized, he was irrevocably attached to 
Germany; "to have left Germany would have been 
my own inner downfall." It was Germany that had 
offered him a haven and a professorship in Rostock, 
after his many years in imperial Russia, when he 
and his family fled from the Soviet Union after the 
revolution. One must remember that Walden's ac- 
count was written years after the downfall of the 
Nazis; one cannot expect it to be an accurate picture 
of his attitude artd emotions at the time. Neverthe- 
less, in my own judgment, it probably contains 
much truth. Walden was a suf&dently important 
figure to deserve further study, and I add tUs note 
to encourage others to investigate him and his work 
further. 

43. J. H. van't Hoff, "Die RoDe des onnotischen Druckes 

in der Anak>pie zwischen Losungen und Gasen," 
Zt'i7sc-/ir. Physik. Chem. 1 (1887): 481-508. S. Ar- 
rhenius, "Uber die Dissociation der in Wasser ge- 
loste Stoffe," ibid, 631-648. Arrhenius's views had 
been largely developed in a memoir submitted to 
the Swedish Academy of Sdences in 1883, and van't 
Hoff had presented a memoir to the Academy in 
1885, but it was their papers in 1887 that attracted 
worldwide recognition among chemists. 

44. This quotation from van't Hoff is taken from the 
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English translation of his paper in the Alembic Club 
reprints. No. 19 (Edinbui^ 1929) p 7. This volume 

also contains a translation of the Arrhenius paper. 

45. L. Meyer, "Uber das Wesen des osmotischen 
Drucks," Zeitschr. Physik. Chem. 5 (1890): 23-27; 
J. H. van't Hoff, "Antwort an Herm Lothar Meyer," 
ibid, 174-176. Dolby, "Debates over the Theory of 
Solution" (note 2), 377-380, gives an excellent dis- 
cussion of the confusion over osmotic pressure that 
persisted for some twenty years after van't Hoff's 
paper appeared. See also 351-352 and 366-369 in 
Dolby's paper. Willard Gibbs gave a thermodynamic 
proof of van't Hoff's law: "Semi-permeable films 
and osmotic pressure," Nature 55 (1897): 461 (re- 
printed in the Collected Works of J. Willard Gibbs, 
Vol. 1, 413-417, Longmans Green, New York and 
Lx>ndon 1928) but the later pajjer of G. N. Lewis 
probably did more to clarify the subject for most 
chemists. G. N. Lewis, "The osmotic pressure of 
concentrated solutions, and the laws of the perfect 
solution," /. Amer. Chem. Soc. 30 (1908): 668-683. 
See also Lewis and Randall, Thermodynamics, 1923, 
pp. 234-236, for a straightforward thermodynamic 
derivation of van't Hoff's law. 

46. I. Traube, "Ober die Dissociationshypothese von 
Arrhenius," Berichte, 23 (1890): 3519-3530. Ost- 
wald's caushc Referat on this paper is in Z Physik. 
Chem. 7 (1891): 91. Arrhenius replied to Traube in 
Berichte, 24 (1891): 224-23 1 Tr>)ube published four 
further related papers in the same volume, with 
another reply by Arrhenius on pp. 2255-2264. This 
paper contains the critique of Traube's freezing point 
meastu«ments. This controversy can also be fol- 
lowed in the correspondence of Ostwald with Ar- 
rhenius and van't Hoff; see Hans-Giinther Korber 
(editor), Aus dem wissenschaftlichen Briefwechsel 
Wilhelm Ostwalds, 2. Teil. (Beitin: Akademie-Verlag 
1969). The references to Traube can be readily found 
in the index. Ostwald takes a consistently con- 
temptuous attitude toward Traube. 

For Traube's 1892 paper see Traube, "Die Hy- 
p>othesen der elektrolytischen Dissociation und der 
lonisation," Berichte 25: 2989-2993. In the "Leben- 
serinnerungen," p. 42, he states particularly clearly 
the idea that a single ion is associated with a single 
water molecule, although they can readily change 
places with other water molecules. On the same 
page is the citation of Poynting's views (see below). 
The reference Traube gives to Poyntingis Ann. der 
Physik 62 (1897): 495. Poynting also appears in 
Dolby's discussion (note 2) p. 348. 

47. The letters from Poynting and Fitzgerald are quoted 
in "Lebenserinnerungen," 12-13. Poynting's letter 
is dated 21 December 1897; no date is given for 
Fitzgerald's. Dolby (note 2) discusses the role of 
these two physicists in the Anglo-German debate 
over the ionization theory; for Fitzgerald see pp. 
332 337, and 346-348. His Helmholtz Mem(»ial 
Lecture to the Chemical Society was given in 1896; 
see /. Chem. Soc. 69: (1896) 885-912. Concerning 
Poynting see p. 348 of Dolby. 



The Arrhenius theory evidently troubled many 
physicists. As a student in die course in physkal 
chemistry given at Harvard bv Theodore W. Rich 
ards (1922-23) I heard him tell of meeting Lord 
Itelvin around 1890. Kdvin warned him against the 
Arrhenius theon,', saying in effect: "Young man, it 
caimot be correct. It is fundamental in electrostatics 
that a collection of fireely mobOe charges cannot 
remain in equilibrium. They are bound to reasso- 
date." Richards however became an early convert 
to the Arrhenius theory in Sfrite of diis warning. 

Traube portrays hirnself as the lone critic of the 
Arrhenius ionization theory among the German 
physical chemists. This is probably an exaggeration. 
Erwin Hiebert has noted that, about 1891, The 
scientists associated with Wiedemann in Berlin were 
beginning to band together into an outSF>okenly 
hostile anti-ionist front." Hiebert names Riidorff in 
Berlin, and Ladenburg in Bresiau, along with 
Traube, among these critics. See E. N. Hiebeit: 
"Developments in Physical Chemistry at the Turn 
of the Century," in Science, Technology and Society 
in the Time of Alfred Nobel, C. G. Bemhard, E. 
Crawford and P. Sorbom, editors (Oxford, Perga- 
mon 1982), pp. 97-115. The quotation is from p. 
104. Hiebert refers to the Ostwald correspondence 
with Arrhenius and van't Hoff (note 46) as the basb 
for these comments. 

Nevertheless Traube's sense of isolation on this 
issue was probably real. By the middle 1 890s Ost- 
wald dominated the German worid of physical 
chemistry; new professorial appointments in 'fv 
field were likely to be Ostwald's pupils or discipies. 
Traube, who was seven years younger tfian Ost- 
wald, was probably thinking of his own con tern 
poraries who were competitors for good appoint- 
ments in physical chemistry, not of the few senior 
critics of Arrhenius who were already in established 
positions. Compared to his contemporaries he was 
at a formidable disadvantage in seeidng a good 
professorial appointment at a leading institution 

48. I. Traube, Grundriss der Physikalischen Chemie, vn 
+ 360 pp. (Stuttgart, Verlag von FerdinaiKl Enke 
1904). The section on the Arrhenius theory is on 
188-198. Ostwald reviewed the book unfavwably 
in Ztschr. Physik. Chem. 50 (1905): 252-253. On tfie 
other hand Traube quotes a note from Sir William 
Ramsay, saying that Traube's textbook was the only 
scientific book he was taking with him on a tnp to 
Switzerland; and the distinguished chemist Clemens 
Winkler also wrote him a warm note of appreaaticwi 
about the book. However no second edition ever 
appeared; Ostwald's review was very likely decisive 
in killing the possibility of further editions. 

49. The passage quoted above, and the following dis- 
cussion, is based on 1. Traube, "The Attraction 
Pressure," Journal of Physical Chemistry 14 (1910t 
452-470. This appears to be a translation of hci 
paper "Die Theorie des Haftdrucks (Oberflach 
endrudcs) und ihre Bedeutung fOr die Physiologie. 
Pfliiger's Archiv fUr die ffesemte Physiologie 132 
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(1910): 51 1-538; abo see OMd, 140(1911): 109-134. 

Another long paper in English by Traube is: "The 
cohesion pressure: A theory of solution," Ion 1 
(1909): 312-355. I know nothing of this journal, 
but a copy of the paf>er is in one of the bound vol- 
umes of Traube's papers in the E. F. Smith Library 
in Philadelphia, with others of his papers in fore^ 
languages. 

1 50. 1. Traube, "Zur Geschichte der modemen Losungs- 
theorien und der Theorie des Haftdrucks," Kolloid- 
Beihefte 37 (1933): 119-153; with editorial note by 
Wo. O., pp. 152-153. 

51. J. H. Wolfenden, "The anomaly of strong dectro- 
lytes/' Ambix 19 (1972): 175-196. 

52. On p. 13 of the "Lebenserinneiungen," Traube, after 
quoting most of Wolfgang Ostwald's comment 
(which 1 have set down above in translation) speaks 
wiQi considerable bitterness over tiie fact that his 
name was not remembered by the younger workers 
on the physical chemistry of electrolytes, and that 
most of the joumab where he might have written 
on this subject were closed to him. 

53. See Traube, "50 Jahre Arbeit," 5. The relevant pas- 
sage, in the original German, reads (Traube speaks 
of himself in the third person): 

"Im Jahre 1891 habilitierte sich Traube an der 
Technischen Hochschule zu Berlin fiir physikalische 
Chemie. Leider! Denn, wenn er auch im Jahre 1 898 
eine Dozentur erhielt und im Jahre 1900 den Titel 
Pnrfessor, so hat er doch trotz mancher Leistungen, 
um welche ihn manche Ordinarien beneiden k^m- 
ten, nidits als 2^urQd(setzung in Anbetrachtgewisser 
in der Abteilung massgebenden Peisonlichkeiten 
auch mancherlei Demiitigungen erfahren mtissen. 
Er hat sidi schUeMlich dazu verstehen miissen, der 
Not gehorchend, die allgemeine physikalische 
Chemie mit Kolloidlehre zu vertauschen and beaeht 
jetzt im Alter von 70 Jahren das fOrstliche Gehalt 
von 4500 Mark ohne Pensionsberechtigung! 

"Zahlieiche Arbeiten sind aus Traubes Labora- 
torium in dieser Zeit hervorgegangen, obwohl 
Traube lange Jahrzehnte weder Assistent, weder 
geniigende Mittel noch geeignete Schuler hatte." 

54. Overton made other important discoveries. As early 
as 1896 he recognized the phenomenon of active 
transport, in which a substance moves across a cell 
boundary against a concentration gradient, i.e. in 
the opposite direction to that of simple diffusion. 
He observed that sodium ions in the surrounding 
fluid were essential for the irritability of muscles 
and nerves, and perceived ttie poesibili^ of relations 
between sodium and potassium ions, in these tis- 
sues, that were established, half a century later, by 
A. L. Hodgkin, A. Huxley and B. Katz. Overton 
never pubfohed his intended fioll account of his 
work on permeability; ill health in later life, and his 
work as a university teacher and administrator, 
prevented it. He never bothered to reply to the 
rather numerous critics of his views. Very few sci- 
entists have been so influential with so few publi- 
cations: only some 25 papers, and a short mono- 



graph Studien Hber die Narkose, imgleich ein Beitreg 

zur allgemeinen Pharmakologie, (G. Fischer, Jena 
1901). For biographical information see P. R. Col- 
lander, "Ernest Overton (1865-1933): a Pioneer to 
Remember," Leopoldim 8-9 (1962-63) [3]: 242-254; 
and W. Url, "Charles Ernest Overton — 75 Jahre Li- 
poid Theorie," Verhandlungen der zoologisch-botan- 
ischen Gesellschaft in Wien 115 (1976): 24-33. For 
a brief account of Overton by CoUander, see Dic- 
tionary of Scientific Biography 10: 256-257. 

Concerning H. H. Meyer, see A. Jarisch, "Hans 
Horst Meyer" in Ergebnisse der PhysMogie, Biolog- 
ischen Chemie und Experimentelle Pharmakologie 43 
(1940): 1-8. Meyer's first paper on the subject is: 
"Zur Theorie der Alcoholnarkose. I. Welche Hgen- 
schaften der Anasthetika bedingt ihre narkotische 
Wirkung?" Archiv /. experimentelle Pathologie und 
Pharmakologie 42 (1899): 109-118. 

55. Traube, "Theorie der Osmose und Narkose." Arcfc. 
fiir die ges. Physiol. 105 (1904): 541-558. "Die O- 
berlSSchendnick und sane Bedeutung im Oigan- 
ismus," ibid 105: 559-572. Also: "Theorie der Nar- 
kose" ibid 218 (1928): 749-766, and various papers 
in Biochem. Zeitschrift, from Vol. 54 (1913) to 120 
(1921): 111-124 (the latter paper with P. Klein). 
See also the references cited in note 48. This list is 
a good sample of Traube's views, but makes no 
attempt at completeness. He gives a comprehensive 
view of his biological researches in "Lebenserin- 
nerungen," 70-91. 

56. "Lebenserinnerungen," 70. Jarisch, in his memoir 
on Meyer (note 54) points out that Meyer came to 
consider that the conflict between the "chemical" 
and the "physico-chemical" schools was becoming 
resolved by the increasingly detailed knowledge of 
the structure and dynamics of molecules, which was 
bridging the gap in outlook between the organic 
and the physical chemists. 

57. See references cited in note 55, and especially I. 
Traube and P. Klein, "Experimentelle Beitrage zur 
Thecnie der Narkose," Biochem. Zeitschr. 120 (1921): 
111-124. 

58. For Traube's quotation from Hot>er about "a flood 
(rf papers" with Traube's ccnnment, see "tiber Nar- 
kose," Biochem. Ztschr 54 (1913): 316-322. The 
quotation and comment are on p. 322. My com- 
ments on Hober's book are based on the fifth edition 
of Ph\fsikalische Chemie der Zelle und der Gewebe, 
Volume I (1922) and Volume II (1924), (Leipzig: 
Wilhelm Engelmann.) Chapter 7, in Vol. I, is on 
permeability; Chapter 8, in Vol. II, deals with nar- 
cosis. For Bayliss General Physiology I have consulted 
the third edition (London, Longmans Green 1920). 

59. O. Warburg, "Uber die Verbrennung der Oxalsaure 
an Blutkohle und die Hemmung dieser Reaktion 
durch indifferente Narkotika," Archiv f. die ges. 
Physiol. 155 (1914): 547-558. The passage quoted 
is on p. 548. This article is reprinted in O. Warburg, 
iiber die katalytischen Wirkungen der lebendigen Sub- 
stanz. (BerUn, Julius Springer 1928) 35-46. The re- 
marks of Warburg concerning Traube in 1 928, dted 
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above, are from p. 2 of the introductory article in 
this book, which bears the same title as the book. 
Warburg cited in particular the paper by Traube, 
"Theorie der Narkose/' Archiv fiir die ges. PhysioL 
153 (1913): 276-308, which also gives references 
to Traube's earlier work. 

60. Traube, "Theorie der Narkose," 1928. See note 55. 
I. Traube and F. Dannenberg, "Uber das Permea- 
bilitatsproblem," Biochem. Zeitschr. 198 (1928): 209- 
224. 

61. For Traube's views on the problem of cancer, see 
"Lebenserinnerungen," 89-91. Here he cites an ar- 
ticle, "Carcinom, Pflanzenwachstum, Oberflach- 
ertspaimung und Permeabilitat," Zeitschrift fUr 



Kreb^orschung 28 (1929): 356, which as yet I have 

not seen. 

62. For these and other activities, see "Lebenserinner- 
ungen," 91-99. 

63. There is a file of tiie Internationale Zeitschr^, bound 

in two volumes, in the Traube collection at the Edgar 
Fahs Smith Library, University of Pennsylvania. The 
publisher was Wilhelm Engelmann (Leipzig and 
Berlin). Traube believed that the Zeitschrift might 
have survived and prospered after the war if En- 
gelmann had not become discouraged. 

64. Ramsay's letter to Traube (in German) b on p. 58 
of "Lebenserixmerungen." 
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Introduction and Early Retrospect 

/ £ i se opone la naturaleza luchar- 
emos contra ella y haremos que 
nos obedezca."^ (Quotation 
from Simon Bolivar now on the wall of the 
house where he was bom in Caracas. His 
subject was not extinction, but his remark 
and attitude are appropriate for the current 
investigations of extinction as it occurs in 
nature.) 

The subject of extinction has long been 
discussed and now even more than ever. 
There are still some questions as to just what 
extinction is, how it can or should be defined. 
Still more searching are attempts to enu- 
merate and to place the geological times of 
greater or lesser extinction. Recentiy even 
more varied and at times more vehement 
have been h5rpotheses or supposed proofs of 
causes of extinction, whether in general, or 
in particular groups of organisms, or at spec- 
ified episodic times. 

Nowadays there is probably no one aware 
of the subject who does not agree that ex- 
tinction, by some definition, has occurred to 
some spedes or other taxon, at some time or 
another, however much tiie disagreement on 
each particular of this general statement. It 
may then be surprising that for many years 
in the history of philosophy of science in- 
volving biology there was wide agreement 
that extinction by any definition, of any 
^oup of organisms, or at any time did not 
XXVI. A summary of this peculiar historical 
Fact may serve as background for explicit at- 
tention to more recent ideas about extinction. 

Although other Greek philosophers had 
>kirted similar topics, Plato is generally 



credited with holding among his multitude 
of philosophical terms and thoughts one 
which he discussed but did not explicitly 
name. Lovejoy (1936) proposed that this 
Platonic conception be called the "principle 
of plenitude." In effect, it seemed to mean 
that everything, whether perfect or imper- 
fect, that can exist does exist. It is evident 
that this excludes the nonexistence of any- 
thing, and therefore the extinction (or ceasing 
to exist) of anything. Although he was a stu- 
dent of Plato, Aristotie did not accept the 
principle of plenitude in quite the Platonic 
form. He did appreciatingly note the great 
diversity of organisms, but he considered 
that all of nature falls into a set of transitions 
that are graded from the most imperfect to 
tiie most perfect. This became the basis for 
what was later called in Latin the "scala na- 
turae," and eventually in French the "echelle 
des etres" and in English the "great chain of 
being." (Again see Lovejoy, 1936; also Os- 
bom, 1913; and on this point especially 
Mayr, 1982.) 

Aristotie further jnovided the basis for two 
other lines of thought that continued to be 
held sometimes almost dogmatically even 
into the early nineteenth century. One was 
spontaneous generation: the continual origin 
of relatively imperfect organisms from non- 
organic matter. Another was the inheritance 
of acquired characters. 

What eventually came to be known as 
fossils of extinct organisms were known to 
some of the ancient Greeks. Nevertheless 
through all of the generations from Aristotie, 
who died in 322 B.C., to Cuvier, who was 
bom in a.d. 1769, the evidence for the real- 
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ity of extinction was usually either explained 
away or ignored. The continuity of Platonic 
and Aristotelian concepts through the eigh- 
teenth century is especially well illustrated 
by Buffon, who lived from 1707 to 1 788. As- 
sisted by others, notably Daubenton, he 
started a tremendous work on natural his- 
tory, the "Histoire Naturelle/' which even- 
tually filled 44 volumes (Buffon et al., 1749- 
1804). Early in this work Buffon wrote, "It 
is possible to descend by almost insensible 
degrees from the most perfect creature to the 
most formless matter." This implied a com- 
plete continuity among simultaneous existing 
forms of matter, from animate perfection 
(human beings, of course) to the inorganic. 
At that time Buffon believed that spedes 
were artifacts and did not exist in nature. In 
a later volume of the same work he changed 
his mind and wrote that species are realities 
and are "the sole beings of nature." Some 
historians have seen Buffon's vacillation as 
tending toward a concept of evolution, but 
he continued to view spedes as segments in 
a single echelle des etres and as permanent 
as nature itself. 

It is nevertheless true that there are gaps 
between known spedes and that this fact 
became evident to Buffon and to other nat- 
uralists who continued to have faith in the 
continuity among existing spedes. This was 
explained away by postulating that spedes 
that would fill in ttie gaps exist but had not 
yet been discovered. In fact Buffon and his 
colleague Daubenton were acquainted with 
fossils of genera and spedes now known to 
be extinct, mostly mammoths and masto- 
dons. They concluded that some of the bones 
were simply variations among elephants, 
therefore not of extinct spedes. Daubenton 
(1764) did see that some of tiie mastodon 
teeth were quite unlike those of elephants, 
but he referred to them as variant hippo- 
potamuses. Thomas Jefferson, the most ver- 
satile of American presidents, was ac- 
quainted with remains of extinct mastodons 



as early as 1781 and with some parts of what 
was later recognized as an extinct ground 
sloth in 1797. Yet in 1825 (a year before his 

death) he let stand his earlier conviction, as 
follows: "Such is the economy of nature, that 
no instance can be produced of her having 
permitted any one race of animals to become 
extinct; of her having formed any link in her 
great work so weak as to be broken." 

Jefferson's view was orthodox in his day, 
and had been so ever since Aristotle or ear- 
lier. The earliest and even then only tentative 
suggestion that 1 have found in contradiction 
of this andent belief was written by a then 
well-known British anatomist, William 
Himter in 1768. He demonstrated that what 
he called the "American incognitum" and 
what we call Mammut americanus or "the 
American mastodon" was a spedes distind 
from the living African elephant, but he 
thought (incorrectly) that it was probably the 
same as the Siberian mammoth. He went on 
to say that, "If this animal was carnivorous, 
whidi I believe caimot be doubted, ttioug|i 
we may as philosophers regret it, as men we 
caimot but thank Heaven that its wh<^ 
generation is probably extinct." That mas- 
todons were carnivorous was in fad doubted 
even then, and of course has now long be^n 
known to be untrue, but this error did lead 
Hunter into a first hint that spedes might 
become extinct. (See also Simpson, 1942.) 

Lamarck and Cuvier 

Although Lamarck (1744-1829) was 25 
years older than Cuvier (1769-1832) he lived 
22 years longer, and their lives overlapped 
widely. Both became eminent zoologists, 
both spent most of their careers in Paris, and 
both were early connected with what came 
to be known as the Jardin des Plantes. Works 
by both are relevant to the history of studies 
of evolution and of extinction, but, as wiW 
here be briefly considered, in very different, 
in fact diametrically opposite, ways. 
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Lamarck's most important works were his 
Histoire naturelle des animaux sans vertibres 
published in seven volumes from 1815 to 
1822 and the Philosophic zoologique pub- 
lished in two volumes in 1809, which coin- 
cidentally was the year of Darwin's birth. It 
is that work (1809) that concerns us here. 

In the introduction ("avertissement") La- 
marck wrote in his now somewhat obsoles- 
cent and even then not very polished French: 

Should I not think that nature had sequentially 
produced the different bodies endowed with life 
by proceeding from the simplest toward the most 

complex; since going up the animal ladder from 
the most imperfect animals to the most perfect 
the organization is built up and even gradually 
complicated in its composition in an extremely 
remaikable way? 

Farther along, in Chapter V of the First 
Part of the Zoological Philosophy, Lamarck 
listed his fourteen "classes," the same word 
in French as in English and as in classifica- 
tions still in use. They were then placed "in 
an order contrary to that in nature," that is, 
with the most advanced (Mammals) first and 
the least advanced (Infusoria, or approxi- 
mately what we would now call Monera and 
Protoctista) last. Farther along Lamarck re- 
versed the sequence, arguing or rather stating 
that the order in nature went in opposite di- 
rection, firom the simplest to the most com- 
plex. It was then an example or an important 
part of the scala naturae, which Lamarck 
ivrote of as the "animal ladder ' ("echelle 
mimale") or "chain" (chaine aniniale). He 
ilso called it a "series" (serie). 

Still farther along, in Chapter VIII of the 
i^rst Part, Lamarck wrote: 

Indeed, if it is true that all the living organisms 
ire products of nature, one cannot but believe 
liat she [nature/GGS] has only been able to pro- 
luce them in succession and not all at once in a 

ime without deviation. There is reason to think 
hat it is only with the simplest that she began, 
laving produced only last of all the most complex 



organisms eitiier of the animal kingdom or of the 
vegetable kingdom. 

This and the Philosophic zoologique as a 
whole is a definite statement that all existing 
organisms arose by evolution during a vast 
extent of time. Although he did not himself 
use the word "evolution," he was the first 
to state unequivocally that evolution is the 
explanation of the origin of all living spedes. 

Beyond that he maintained that animals, 
at least, reacted to environmental influences 
by the needs and uses of the parts of each 
individual and that the results were passed 
on to their progeny. This involved another 
concept, that of the inheritance of acquired 
characters, which was not new but was as 
old as Greece. Note Uiat it was the reactions 
of individuals to environments and not any 
direct effects of the latter that were supposed 
to produce hereditary changes. He also 
adopted the ancient Greek belief in the 
spontaneous generation of animals at the 
beginning of the "echelle." 

At the end of the second volume and part 
of the Philosophic zoologique Lamarck wrrote 
additions to the crudal chapters VII and VIII 
of the first volume and part. He here moved 
beyond or at least modified his belief in a 
single ladder or chain of being. In a text and 
diagram ("tableau") of animal evolution he 
here comments and shows that in his latest 
view he considered that the "ladder" 
(echelle) of animals began by two distinct 
branches and that some divergent parts of 
them seem to end at certain points. In text 
and diagram he indicated and discussed 
what would now be called an evolutionary 
phylogeny. It is true diat further knowledge 
has made nonsense of much of this. Lamardc 
had birds arising from turtles and mammals 
from crocodiles, except for the monotremes 
which are shown as a dead end evolved from 
birds. That would seem to imply, at least, 
that in the long, slow climbing up the ladder 
there existed, for example, species interme- 
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diate between turtles and birds. As no such 
animals were then or have evor been known, 
one could conclude that in one sense of the 
word those intermediates are now extinct. 
However, Lamarck did not consider this as 
extinction. For him the series, ladder, or 
chain that led to birds still lives, as birds. 

Lamarck thus envisioned evolution with- 
out extinction. When his major work was 
published, his unfriendly colleague Cuvier 
was already beginning to expound the op- 
posite concept, that of extinction without 
evolution. 

As early as 1799, ten years before La- 
marck's Philosophie zoologique, Cuvier was 
already publishing on fossils of species con- 
sidered extinct, in this case "elephants" in- 
cluding the extinct mastodons. From 1804 to 
1810 he published many other papers on 
fossils of extinct vertebrates. With some re- 
vision, these were collected and published 
in 1812 as the four volumes of the first edi- 
tion of Recherches sur les ossemens fossiles 
(1812). Although this was some years after 
fossils of extinct animals had been described 
by Cuvier himself and several others, it is 
generally considered as the principal basis 
for paleontology as a distinct science. The 
first volume of this work began with a long 
(1 16-page) Discours prilimimire which could 
be considered as Cuvier's "zoological phi- 
losophy" in addition to and as an attack on 
that by Lamarck. With extensive revision it 
was repeated in later editions of the Re- 
cherches (1821-1824), and was finally pub- 
lished as a separate volume in French in 
1825. English and German translations of 
the Discours preliminaire had then already 
been published. Reference here is to the 1825 
French edition. 

By 1825 it had been well established by 
Cuvier himself and by other early stratig- 
raphers and paleontologists that there is a 
sequence of strata containing fossils and that 
the fossils differ with respect both to geo- 
graphical occurrence and to relative geolog- 
ical ages. There was thus an already dear 



although as yet very incompletdy known 
sequence of faunal and floral changes in the 
course of geological time. Cuvier held that 
most of the fosils known to him, and esp>e- 
cially those in the early strata, were extinct, 
and extinct without issue. He firmly denied 
that there was an echelle des itres. He had 
early observed that the known living organ- 
isms did not demonstrate an Axistotehan or 
a Lamarckian sequence. Even more firmly 
he denied that any organisms of today have 
evolved from different ancestral forms. 

Cuvier maintained that the history of the 
earth and of its animals and plants was 
punctuated by a series of revohiticms, in each 
of which many extinctions occurred. The last 
of these revolutions could be equated %vith 
the great flood described in the seventh 
chapter of the book of Genesis. As a con- 
firmed Christian and Protestant in a pre- 
dominantly Catholic coimtry this interpre- 
tation placed Cuvier in an apparently 
impossible position. If there was a whole se- 
quence of mass extinctions followed by cpiite 
different genera and spedes, must there not 
have been also an equal sequence of divine 
creations? As is more fully discussed in the 
excellent biography of Cuvier by Coleman 
(1964), this was an apparent impasse for 
Protestant Christianity, and Cuvier cleverly 
dodged it. He said that while he hdd that 
various genera and spedes had beoome ex- 
tinct, he did not find diat it was necessary 
for a new creation to produce the species 
still existing. He Sciid only that the surviving 
species had not been living in the same 
places where one finds them at present, and 
that they must have come from somewhere 
else. As an example, he went on to say that 
if Australia ("Nouvelle-HoUande" to Cuvier) 
were to be flooded by tfie sea all the mar- 
supials and monotremes confined to that 
continent would become extinct and would 
be known only as fossils. If then a land con- 
nection with Asia were formed by that same 
revolution, the continent of Australia would 
be occupied by elephants, rhinoceroses, buf- 
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falos, horses, camels, tigers, and all the other 
Asiatic animals which would come to occupy 
a land where they had not previously been 
known. (In fact such a local revolution did 

not occur in Australia, but one somewhat 
like Cuvier's fantasy did occur in South 
America.) 

Darwin 

Thus far we have followed in barest out- 
line concepts of the living world from the 
ancient Greeks, with important steps taken 
especially by Lamarck and Cuvier. The next 
and overall the most important step of all 
was taken by Darwin. A part of that se- 
quence has been followed at greater length 
than is possible here in a well-wiitt«i, recent 
book by Browne (1983), especially covering 
the period from Athanasius Kircher (1602- 
1680) through that of Charles Darwin (1809- 
1882). Browne is primarily concerned with 
ideas about the origins of species and their 
subsequent biogeography, but she does also 
con^der extinction and provides background 
for changing concepts regarding it. Valuable 
as this is, it does seem that she has not quite 
clearly followed Cuvier's Discours in con- 
nection with extinction, perhaps because she 
is primarily interested in botany but Cuvier 
was not (neither was Lamarck). The Discours 
does not support Browne's view that Cuvier 
was a "dixectionalist" who believed that 
there was "advancement" through time 
rather than simply change of locaUties after 
a single creation of all animals (and plants) 
at once. 

As has now been briefly expounded, La- 
marck gave us evolution of a sort without 
extinction, and Cuvier gave us extinction of 
a sort without evolution. It was Darwin who 
among many other things gave us evolution 
with extinction. 

From the start of his career as a scientist 
Darwin was well aware of the fact that a 
great many animals had become extinct, 
during the voyage of the Beagle Darwin was 



studying Lyellian geology. In the second 
volume of Lyell's great Principles of Geology 
(1832) the Gist edition, which Darwin had 

with him, Lyell wrote of the successive ex- 
tinction of terrestrial and aquatic species as 
"part of the economy of our system." A page 
later he added that "amidst the vicissitudes 
of the earth's surface [as previously discussed 
in Ly ell's first volume/GGS] spedes caimot 
be immortal, but must perish one after an- 
other, like the individuals which compose 
them." 

It is thus not surprising that in his first 
published account of his voyage on the Bea- 
gle (1839), Darwin, still a creationist as was 
Lyell at that time, wrote: 

We see that whole series of animals, which have 
been created with peculiar kinds of organization, 
are confined to certain areas. . . . On such 
grounds it does not seem a necessary conclusion 
that the extinction of spedes, more than the cre- 
ation, should exclusively depend on nature (al- 
tered by physical changes) of their country. All 
that at present can be said with certainty, is that, 
as with the individual, so with the spedes, the 
hour of life has run its course, and is spent. 

Somewhat later, in 1846, although he was 
then already writing, but not publishing, in 
evolutionary terms, Darwin published in 
Lyellian terms that the extinction of "great 
mammifers" (large fossil manunals) in both 
North and South America was due to the 
"ice-age," the Pleistocene epoch in modem 
terms. The implication was that the change 
in climate brought about that mass extinc- 
tion, a point still under discussion and here 
to be more particularly noted below. 

Darwin's later evolutionary publications 
from the first edition of "On the Origin of 
Spedes ..." in 1859 onward, frequently 
referred to extinction, its results, and in gen- 
erally somewhat indefinite terms its causes. 
In the first edition (1859) there are more than 
a dozen mentions of extinction. The subject 
was discussed briefly in Chapter IV, on nat- 
ural selection, and at length in Chapter X on 
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geological succesnon. In the eailier chapter 
of the two Darwin noted: "Rarity, as gec^ogy 
tells us, is the precursor to extinction. We 
can, also, see that any form represented by 
few individuals will, during fluctuations in 
the seasons or in the number of its enemies, 
run a good chance of utter extinction." 
"Geology," in this connection paleontology, 
does not invariably show us a dear reduction 
in sizes of populations leading to extinction, 
and it is nearly a truism that reduction of 
population size to zero is extinction by a 
usual definition. However Darwin here does 
suggest material causes of such reduction: 
seasonal fluctuation (which in the sixth edi- 
tion of tiie Origin Darwin changed to "great 
fluctuations in the nature of the seasons"), 
or changes in the niunber of "enemies," 
which could mean either competitors or 
predators. 

In Chapter X of the first edition of The 
Origin of Species, which became Chapter XI 
in the now more widely accessible sixth edi- 
tion, Darwin carried these ideas further, de- 
voting more than five pages to a section "On 
Extinction." Here Darwin used die term 
"group" in the taxonomic sense of genera, 
families, or other collective taxa of species 
of common origin. He made several points 
still worthy of, and receiving, attention to- 
day. He wrote that some groups have per- 
asted since the then earliest known dawn of 
life but that others disappeared during the 
Paleozoic, there being "no fixed law" as to 
the length of time for groups. He added that: 
"There is reason to believe that the complete 
extinction of the species of a group is gen- 
erally a slower process than their produc- 
tion." On these points, although wording it 
differently, Darwin dearly anteceded the 
supposecUy new theory called "punctuated 
equilibrium" by its recent proponents. 

Although maintaining that the origin of a 
group, by multiplication of species, is usually 
more rapid than its extinction, Darwin did 
also note that in some cases the extinction 



of whole groups "has been waadafuhy 
sudden." As examples he notes the apfMv- 

ently sudden extinction of trilobites at die 
close of the Paleozoic and of ammonites at 
the close of the "secondary" (now called 
"Mesozoic"). Darwin went on to suggest that 
the apparent abruptness of such mass ex- 
tinctions may be due to intervals of tiine for 
whidi there were (when Darwin wrote) no 
known continuity of strata and tfiat hence 
ttiere are gaps in the [handwritten manu- 
script continues here] fossil record. 

When the extinctions seem to hav e been 
more gradual, Darwin advanced two not 
necessarily conflicting hypotheses. One, 
considered as evidence for natural selection, 
was that "the improved and modified de- 
scendants of a spedes will generally cause 
the extermination of the parent species." 
Along this line of thought competition was 
postulated as a cause for extinction of some 
groups or spedes and survival of others, later 
in origin. A second of Darwin's hypotheses 
was dtat groups and spedes do fluctuate in 
the numbers of individuals and the geo- 
graphic areas occupied. When dflier of these 
fluctuating values happens to reach zero, 
obviously extinction has occurred. This de- 
fines a question and not an answer, however 
hypothetical that may be. Darwin's words 
as to that were more profound than clari- 
fying: "If we ask ourselves why this or that 
spedes is rare, we answer that something is 
unfavorable in its conditions of life; but what 
that something is, we can hardly ever teU." 

As will hereafter be discussed, since Dar- 
win we have amassed more data and mul- 
tiplied hypotheses, but we still "can hardlv 
ever tell" what the causes of extinction are 
in genera] or in most particular instances. 

Some Definitions and Some Procedures 

It may seem strange that it is necessary to 
define extinction beyond a definition such as 
the biological definition in a widely used 
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college dictionary: "The act or process of be- 
coming extinct or dying out/' In fact there 
are at least three different kinds of extinction, 
so that darity demands definition not only 
of extinction in general but also of the three 
different, although sometimes intergrading, 
kinds. 

The most general technical definition of 
extinction can be given as the cessation of a 
taxon at any level to continue as such. As 
such is stressed because it is essential for def- 
inition of one of the now usually recognized 
modes of extinction. This mode or type of 
extinction is variously called "pseudoextinc- 
tion, " "taxonomic extinction," or "phyletic 
extinction." That occurs when in the course 
uf evolution a taxon changes enough to be 
recognized taxonomically different but the 
continuation of a former line of direct de- 
scent. An example at the specific level is the 
taxonomic sequence of Homo erectus, which 
according to the current consensus evolved 
into Homo sapiens. By this view. Homo erectus 
is pseudoextinct. 

An example at higher taxonomic levels is 
given by the evidence that the class Mam- 
malia, and hence all its orders, dearly 
evolved from members of the order Ther- 
apsida of the class Reptilia. The great ma- 
jority of the suborders, families, genera, and 
species of Therapsida were terminally extinct 
at or before the end of the Triassic period. 
Nevertheless at least two and quite possibly 
three or four of the lineages within the Ther- 
apsida certainly evolved into mammak and 
thus were only pseudoextinct. That does not 
mean that the Therapsida are not extinct as 
such, nor does it warrant and still less does 
it require reclassifying the mammals as 
Therapsida. That would be as absurd as 
classifying the birds (Aves) as dinosaurs, 
which has actually been done, although not 
by a paleontologist. 

The term extinction is most often used in 
the sense of terminal extinction, meaning 
that at whatever level as a taxon it was a 



group that has absolutely no living descen- 
dants. [Manuscript ends here.] 
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[Notes]' 

Extinction — Book[s] & original references 

Futuyma, Evol. Biol. p. 95. 

Valentine— Paleoecdogy— 391-400, 402-408, 
459-463. 

Cuppy — How to Become Extinct 

Encyd. Paleo.— p. 300 seq. 

Futuyma in Science on Trial, pp. 81, 120-122, 
138, 164, 178, 201, 206. 

Colbert — Dinosaurs, p. 199 seq. 

Gould (as tear-out) — 1984 on Ediacara fauna. 
Journals 

Natur & Museum Oct. '83. 113 (10)— whole 
issue 

Biol. Jour. Linnean Soc. 20: 277-300— "Extinc- 
tion Cycle" as a drive, p. 297. "Disorderly 
Extinction", p. 280 [sic; p. 286]. 

Paleobiology— 9 (2) pp. 97 seq., 107 seq., 150 

seq. 

American Naturalist 119 (4) 480 seq.; 121 (3) 
324 seq., 432 seq.; 121 (4) 598-9; 121 (5) 

669 seq. 
Jour. Mam. 64 (2) p. 261 seq. 
Discovery 16 (2) article by Thackeray. 
Pleistocene extinction — See Alcheringa (7), p. 125. 
Co-evolution & extinction — Boyd & Pascual 1983 — 
"But if indeed the extinction of the gigantic 
carnivorous marsupials of the Deseadan 
(early Oligocene/GGS] should be con- 
nected widt the extinction of their large 
prey, obviously the deeper causes should 
be sought in the climatic-environmental 
changes, modifiers of the bases (roots) of 
the trophic chain." 
Doello-Jurado (1939). In conclusion — 

". . . On comparing these two kinds of bio- 
logical facts, individual death and phyletic 
death, the cause of which escapes us, one 
does not know how to say whether we 



have enlai^ged ttie scope of our knowrledge 
or that of our ignorance." 



Annotated BnuoatAPHv 

Boyd, M., and R. Pascual, 1983. Nuevos y elocuentes 
restos de Prohyaena gigantea Ameghino, 1897 
(Marsupialia, Borhyaenidae, Proborfiyaeninae) 
de la edad Deseadense: un ejemple de coevolu- 
don. Ameghiniana, 20: 47-60. Source of quote 
that Simpson refers to under "co-evohttion & ex- 
tinction." 

Colbert, E. H. 1965. The Age of Reptiles, W. W. Norton 
& Co., New York. 228 p. Section noted by Simp- 
son provides data on Late Cretaceous cUnosaur 
genera that indicate the final demise of North 
American dinosaurs was preceded by sharp drop 
in herbivorous omithischians and probably 
saurischians, but canuvorous saurischians show 
no sudi decline. 

Cuppy, W. 1941. How to Become Extinct. University of 
Chicago Press, Chicago, Illinois, 1 14 p. Tongue- 
in-cheek notes on tfie extinct Dodo, Ground 
Sloth, Wwllv Mammoth, Pterodactyl, Plesiosaur. 
and Dinosaur. Suggests that the "Age of Reptiles 
ended because it had gone on long eiKXigti and 
it was all a mistake in the first place." 

DOElxo-JURADO, M. 1939. Le Megatheriium. La moit 
individuelle et la "mort phyletique." La Presse 
Medicate, No. 42. (Pages not numbered ) Source 
of quote with which Simpson apparently in- 
tended to end his essay in order to underline the 
refractory nature of the phenomenon of extinc- 
tion, whether individual or phyletic. 

FLESSA, K. 1979. Extinction. In Fairbridge, R. and Ja- 
blonski, D., editors. The Encyclopedia aif Paleon- 
tology. Stroudsburg, Pa.: Dowden, Hutchinson 
& Ross, p. 300-305. Short review of extinction, 
induding its recognition and measurement, bias- 
ing factors, records of, and causes of (tiKitxlmg 
extraterrestrial, physical, and biological). 

Fowler, C. W. and J. A. MacMahon, 1982. Selective 
extinction and spedation: tii«r influence on the 
structure and functioning of communities and 
ecosystems. American Naturalist, 119: 480-489 
Authors contend that differential rates of speaa- 
tion and extinction over geologic time-spans 
strongly influence the subsequent composition 
and dyiuimics of biologic communities. 

Futuyma, D. J. 1979. Evolutionary Biology. Sinauer .A- 
sodates, Sunderland, Mass., 565 p. Page noted 
by Simpson differentiates between taxonomic, or 
pseudoextinction, and true extinction; what 
Simpson elsewhere called extinction with issue 
and extinction without issue, respectively. 

Futuyma, D. J. 1983. Science on Trial. New York, Pan 
theon Books, 251 p. Rebuts Creationist arguments 
against evolution. Pages noted by Simpson in- 
clude discussion of the universality of extinct: - 
the role of natural selection in extmction; adaptive 
mutations; human bias in sdence; style and sub- 
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stance of the Creationist argument; the problem 
of purpose in Nature and the "purpose" of ex- 
tinctkm; biogeogra[^y and biocheinistiy support 
evolution. 

Gould, S. J. 1984. The Ediacaran experiment. Natural 
History, February, pp. 14-23. Using the extinction 
of a widespread and abundant Late Precambhan 
marine biota as a springboard for discussion, 
Gould sununaxizes cunrent new views of the na- 
ture aiu] ^gnificance of nuns extinction. 

JANZEN, P. H. 1983. The Pleistocene hunters had help. 
American Naturalist, 121: 598-599. Suggests that 
large carnivorous predators provided the coup 
de grace to New World herbivores whose pop- 
ulatioiis had been severely depressed — but not 
necessarily wiped out — by Paleoindians recently 
arrived across the Bering Straits. 

KiNGDON, J. 1983, Gefahrdete Saugetiere in Ostafrika. 
Natur und Museum 113: 298-306. How ttte de- 
struction of habitat by humans is endangering 
15 mammalian species in East Africa. 

Lance, E. 1983. Wanim steiben Tiere aus? Nttur utul 
Museum, 113: 289-297. Short summary of the 
basic facts of animal extinction and their pre- 
sumed causes. 

Lawlor, T. E 1983. The peninsular effect on mammalian 
species diversity in Baja California. American 
Natur(Ui8t, 121: 432-439. Argues against assertion 
that species richness decreases down the length 
of Baja peninsula. In fact, spedes composition is 
compound effect of distance, environment, to- 
pography, and geological history. 

LUNDEUUS, E. L., Jr. 1983. Climatic impUcations of late 
Pleistocene and Hokxxne faunal associations in 
Australia. Alcheringa 7: 125-149. Presents evi- 
dence that an increase in seasonality of climate 
(rainfall or temperature) lowered plant produc- 
tivity that in turn caused widespread extinction 
of large, late Pleistocene megafauna. 

Mayr, E. 1983. How to carry out the adaptationist pro- 
gram? American Naturalist. 121: 324-334. Re- 
evaluates the meaning and significance of ad- 
aptation, and its rdation to natural selection in 
light of recent criticism of the "hyperselectionist 
program." 

Nichols, J. D. and K. H. Pollock, 1983. Estimating 

taxonomic diversity, extinction rates, and specia- 
tion rates from fossil data using capture-recapture 
models. Paleohiologtf 9: 150-163. Statistical 
models for estimating past rates of sf>eciation and 
extinction as well as numbers of species from 
fossils. 

Raup, D. 1983. On the early origins of major biologic 
groups. Paleobiology, 9; 107-115. Statistical es- 
timation of times of origin of higher taxa, given 
particular assumptions regarding the rates of 
spedation aiul extinction, and standing diversity. 

Strathmann. R. R.. and M. Slatmn, 1983. The im- 
probability of animal phyla with few species. Pa- 
leobiology, 9: 97-106. Statistical discussion of the 
possible varying relationships between rates of 



spedation and of extinction and the consequent 
effect on geological longevity of taxa. 

Thackeray, J. F. 1982. On Darwin, extinctions, and 
South African fauna. Discovery. 16(2): 2-11, 
Peabody Museum of Natural History, Yale Uni- 
versity, New Haven, Connecticut. Author dtes 
evidence that shows correlation today between 
rainfall and hoofed-heririvore biomass in Na- 
mibia. This evidence can be used to infer possible 
impact of tncreanng aridity in tfie region on Late 
Cenozoic extinctions as well as estimating hunt- 
ing pressure by Paleolithic humans. 

Turner, J. R. G. 1983. Mimetic butterflies and punc- 
tuated equilibria: some old light on a new para- 
digm. Biological journal of the Linnean Society, 20: 
277-300. Sections noted by Simpson discuss un- 
even extinction of spedes as their habitat is re- 
duced and breal(s up into separate isolated 
patches, and how the cyde of extinction and re- 
colonization of vacated nidies drives divenifi- 
cation and spedation. 

Valentinb, ). 1973. Evolutionary Paleoecology of the Ma- 
rine Biosphere. Englewood Cliffs, N.J., Prentice- 
Hall, Inc., 51 1 pp. Pages noted by Simpson dis- 
cuss diversity curves for various taxonomic levels 
during the Phanerozoic and putative factors re- 
sponsible for extinction; role of plate tedonics 
upon Phanerozoic diversity patterns; Late Me- 
sozoic modernization of marine faunas and Late 
Cenozoic giadation's impact on the marine bio- 
sphere. 

Webb, D. 1983. A new spedes of Pediomeryx from the 
late Miocene of Florida, and its relationships 
within die family Cranioceratinae (Ruminantia: 
Dromomeryddae). Journal of Mammalogy. 64: 
261-276. Evolutionary trends suggest that m- 
creasing aridity in Late Cenozoic eliminated these 
browsing ruminant artiodactyls that were then 
replaced by somewhat similar, but cooler-winter 
adapted, cervids. 

ZiECLER, W. 1983. Sterben, Aussterben und Ausrotten: 
t)ber den Tod der Organismen. Nafur und Mu- 
seum, 113: 285-288. Short summary of the con- 
clusions at the present-time regarding the death 
and extinction of oiganisms, individuaUy and 
phyletically. 



Notes by Lfeo F. Laporte 

1 . When he died at age 82 on 6 October 1984, George 
G. Simpson had tfds essay on extinction in prepa- 
ration. It comprised 13 pages of typescript, two 
pages of corrected, handwritten manuscript, a bib- 
liography, and several pages of notes. Anne Roe, 
his wrife, and 1 thought it would be of sdentific and 
historic interest to make available this last, unfin- 
ished woric by a leading contributor to modem evo- 
lutionary theory on a subject that has always in- 
trigued students of life history. This and subsequent 
footnotes as well as bracketed remarics are by 
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F. Laporte (Eaitit Sdenoes, Univ. of CaUfoniia, Santa 
Cruz, CA 95064) to whom reprint requests should 
be addressed. 

2. "If nature is opposed, we will fight her and make 

her obey us." 

3. The following is a list of references that Simpson 
apparently intended to use for his essay. At the end 

of this section I provide a briefly annotated bibli- 
ography of these references, arranged alphabetically 
by author. 

The references listed by Simpson indicate that 
he intended a major discussion of how to interpret 
extinction, both pseudoextinction and phyletic ex- 
tinction as well as mass extinctions. Apparendy, he 



was to consider Ae role of habitat destruction and 

the interdependence of species in their dennise: he 
also seems to iiave wanted to link extinction rates 
with speciation rates. It is dear, too, from his bst 
that he was not to give any special priori t\' to ex- 
traterrestrial causes of extinction. Of course, these 
conunents are highly specidative and we have no 
real way of knowing the final content and emphasis 
of Simpson's essay. Simpson's last, extended dis- 
cussion of extinction can be found in Chapter 5, 
"Extinction, Origination, and Replacement." in his 
book. Fossils and the History of Life, 1983, Scientifk 
American Boaia, W. H. Freeman and Co., New 
York, p. 122-150. 



Copy righled material 



A New Look at Medieval Cosmology, 

1200-1687* 



Edward Grant 



Dqjt of History and Philosophy of Science, Indiana University, Bloomington 



Attitude toward Scholastic Defenders 
OF Aristotelian Cosmology 

To speak of medieval cosmology as 
ranging from 1200 to 1687, virtually 
the end of the seventeenth century, 
may appear to some yet another instance of 
medieval temporal imperialism. Why should 
the sixteenth century and 87 years of the 
seventeenth century be embraced by the 
Middle Ages? To this question, there is only 
one plausible response: despite serious chal- 
lenges, medieval cosmology, based solidly 
on the cosmic conceptions of Aristotle, re- 
mained the dominant worldview until 1687. 
When, in 1632, Galileo published his mon- 
umental assault on Aristotelian cosmology, 
the Dialogue on the Two Chief World Systems, ' 
the majority of astronomers and natural 
philosophers were probably defenders of 
traditional AristoteUaai geocentric cosmology, 
a cosmology that had been shaped in the 
diirteenth and fourteenth centuries. There 
are as yet no good reasons for believing that 
the situation had altered significantly by 
1687, some fifty-five years after Galileo's 
Dialogue and 144 years after publication of 
Copemicus's On the Revolutions of the Heav- 
enly Spheres (De Revolutionibus).^ But in that 
fateful year, the year chosen as the terminal 
date for scholastic Aristotelian cosmology,^ 



* From a paper read at the Spring General Meeting 
of die American Philosophical Society, 21 April 1984. 



Isaac Newton published his Mathematical 
Principles of Natural Philosophy,* Copemi- 
cus's heliocentric system, with its Keplerian 

modifications, was at last provided a physical 
basis that made continued support for Ar- 
istotle's geocentric cosmology untenable. 
After 1687, medieval cosmology became ir- 
relevant because it no longer represented 
even a minimally plausible alternative to the 
new Newtonian cosmology. Unlamented it 
simply faded away. 

If medieval cosmology was dominant from 
1200 to 1687, and therefore an intellectual 
force to be reckoned with during the 144 
years that were required for the total triumph 
of the Copemican system, why is this not 
properly reflected in the great mass of re- 
search on seventeenth-century science and 
natural philosophy that has appeared in this 
century? Why is our knowledge of it derived 
primarily, but indirectly, from its enemies, 
rather than directly from studies of the lit- 
erature? With a few possible exceptions, we 
look in vain for evidence of genuine interest 
in the last century of scholastic cosmology.^ 
What accounts for this virtual absence of in- 
terest in the arguments and defenses of one 
of the major sides in the debates that raged 
in the seventeenth century? Is it because, as 
one historian has recently declared, "in sci- 
ence as in war history is written by the vic- 
tors" and "those who first embraced a new 
science are styled precursors of the latest or- 
thodoxy. Those who stubbornly dung to the 
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old are featured as historical curiosities. One 
group is absoibed, the other is absurd/'^ Al- 
though this perceptive description was for- 
mulated for Christian anti-Darwinians in 
their strug^e against Darwinism, it is even 
more relevant and applicable to the scholas- 
tic Aristotelians who defended medieval 
cosmology against Copemicanism. Those 
who upheld the fixity of species have been 
studied for their own sake in the totality of 
research on the history of nineteenth-century 
biology. Even phlogiston theory has been 
studied for its role in the history of eigh- 
teenth-century chemistry. But serious 
considerations of Aristotelian scholastic cos- 
mology are absent from researches on sev- 
enteenth-century science and cosmology. 
The names, works, and ideas of late six- 
teenth- and seventeenth-century scholastic 
authors have all but disappeared from sight. 
Perhaps the victors in the cosmological 
struggle did indeed banish the vanquished 
to historical oblivion. 

In fact, they banished them even before 
the victory. Beginning with the late sixteenth 
century, those who supported the develop- 
ing new science and cosmology rarely dted 
scholastic authors except, on occasion, to 
attack and ridicule them.^ Instead of Aris- 
totelian scholastics, they cited Greek and 
Roman authors, along with recent and con- 
temporary mechanical philosophers, Her- 
metidsts, Platonists, Neoplatonists, Stoics, 
and Atomists. By a seeming conspiracy of 
silence, scholastic authors were largely ab- 
sent from the body of literature that would 
be of greatest interest to modem scholars. 
Even Galileo, who clashed directly with 
scholastic natural philosophers — especially 
the Jesuits Christopher Scheiner and Horatio 
Grassi — rarely mentioned their names in 
published works, largely because, for various 
reasons, his foes chose to attack by the use 
of pseudonyms and surrogates.* 

But as if ignominious silence were not 
enough, fate, in the guise of Galileo Galilei, 
dealt an even harsher blow. For Galileo's 



most enduring assault on scholastic Aristo- 
telian cosmology derived bom a ficticmal 
diaracter whom he named Simplido, after 
Uie sixth-century Greek Aristotelian com- 
mentator, Simplidus. Simplido, who first 
appears in the Dialogue on the Tuw Chief 
World Systems, Galileo's major attack on Ar- 
istotelian cosmology, became almost im- 
mediately the paradigm of the dull-witted, 
unimaginative, tmyielding scholastic de- 
fender of ttie indefensible. Although the cir- 
cumstances of publication made a direct 
unrestrained, and scornful critique of Sim- 
plido's Aristotelian cosmology unwise, Gal- 
ileo left little doubt of his sympathies and 
attitude. Although many Aristotelians would 
accept the telescope as a valid scientific in- 
strument, Simplido is made to dedare that 
"following in the footsteps of other Peripa- 
tetic philosophers of my group, I have con- 
sidered as fallades and deceptions of the 
lenses those things which other people have 
admired as stupendous achievements."^ The 
slavish dependence on Aristotle is empha- 
sized when, in denying that the earth is an 
orbiting planet, Simplido appeals to Aris- 
totle, who, according to Simplido, raised se- 
rious, unresolved objections to such an 
opinion. "And since he [Aristotle] raised the 
difficulty without solving it, it must," insists 
Simplicio, "necessarily be very difficult of 
solution, if not entirely impossible.""^ In this 
manner Galileo achieved, perhaps unwit- 
tingly, more than he might have thought 
possible. By his literary and artistic genius, 
he fashioned a stereotype and caricature that 
has been applied to all scholastic Aristotelian 
scholars from their emergence around 1200 
to their effective demise near the end of the 
seventeenth century. More than anyone, 
Galileo created the concept of a monolithic, 
homogeneous, unimaginative, inflexible Ar- 
istotelianism, which, when finally challenged 
by Copemicanism in the sixteenth and sev- 
enteenth centuries, reacted as a whole in the 
manner of Simplido: it blindly rejected all 
that was new by opposing to it one or an- 
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other of the many dogmas of Aristotle. On 
this approach, there are no significant dif- 
ferences between the scholastic contempor- 
aries whom Galileo flayed in the seventeenth 
century and thdr medieval predecessors in 
the thkteenth and fourteenth centuries. This 
is imdoubtedly the popular and, to a large 
degree, even the learned conception of me- 
dieval cosmology that prevails to this day. 

It is small wonder that modem scholars 
have ignored the final century of scholastic 
Aristotelian cosmology. They found little 
mention of sdiolastic authors in the works 
that formed the corpus of the new and de- 
veloping science of the seventeenth century 
and what they did learn from Galileo was 
enough to convince them that any further 
examination of scholastic hterature would 
only yield more Simplicio-like pronounce- 
ments. After three centuries of neglect, 
however, it is time to take another look at 
medieval cosmology in the late sixteenth and 
seventeenth centuries. To do that with any 
hope of genuine comprehension, it is essen- 
tial to look at the whole of medieval cos- 
mology. Only then will it become apparent 
that that whole is not monolithic and ho- 
mogeneous but rather divides naturally into 
two distinct and considerably different parts, 
each of which is itself unhomogeneous. 

The Two Parts of MEomvAL 
Aristotelian Cosmology 

The first part embraces the period from 
approximately 1200, when the works of Ar- 
istotle were translated into Latin and began 
to have an impact, until approximately 1500, 
when a new wave of translations was un- 
derway. During the first period, Aristotelian 
cosmology had no rivals and went unchal- 
lenged. Disagreements about interpretations 
of major and minor points of Aristotle's cos- 
mology during this period were always of 
an internal nature." There is no hint of 
abandoning that system in favor of anything 
else." 



But all this was destined to change. Al- 
ready in the 1460s, rival cosmologies and 
new ideas began to appear. The works of 
Plato and those attributed to Hermes Tris- 
meg^tus were translated from Greek to 
Latin, as a great new wave of translating ac- 
tivity got underway in Italy." By the mid- 
sixteenth century cosmological concepts and 
reports embedded in previously unknown 
works by Sextus Empiricus, Plutarch, Sim- 
plicius, Philoponus, Themistius, Alexander 
of Aphrodisias, Lucretius and Cicero were 
available. The woridviews of Plato, the Stoics 
and Atomists were now potential rivals to 
Aristotle. In works falsely and rightly attrib- 
uted to Plutarch were descriptions of the 
earth's axial and orbital motions.'"* The 
probability is strong that even if Copernicus 
had never written the De revolutionibus, a 
significant debate about the earth's possible 
axial and orbital motions would have oc- 
curred. 

But in 1543 Copernicus did publish his De 

revolutionibus and, by his conviction that the 
earth really rotated daily on its axis and also 
orbited the sun annually, posed the most 
dangerous challenge to the Aristotelian geo- 
centric worldview. Not long after, Tycho 
Brahe demonstrated that the new star of 
1572 and the comet of 1577 were actually 
celestial phenomena and not alterations in 
the upper atmosphere just below the moon, 
as Aristotelians believed.'^ The implications 
were profound: the new star stmck a seem- 
ingly vital blow at the Aristotelian concept 
of an absolutely unchangeable and incor- 
mptible celestial region while the comet, 
thought by Tycho to be moving in a circular 
orbit around the sun,^^ seemed to destroy 
the traditional belief in hard, celestial spheres 
to which the planets were attached and by 
which they were moved. Such hard spheres 
would either have prevented the comet from 
traversing its observed path, or would have 
been shattered by its impact. In the early 
seventeenth century, 1611 to be exact, Gal- 
ileo, Christopher Scheiner, and Johann Fa- 
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bricius observed variable spots on the sun, 
which some would interpret as another blow 
against celestial incorruptibility.'^ 

Confronted with these momentous new 
challenges, scholastic Aristotelians of the late 
sixteenth and seventeenth centuries reacted 
in a wide variety of ways, ranging from tfiose 
who drew upon the store of traditional ex- 
planations and who wrote as if nothing new 
had occurred since the thirteenth century'^ 
to those who adopted the geoheliocentric 
system of Tycho Brahe. Incredible as it may 
seem, in at least one instance scholastic 
opinion even extended to the acceptance of 
the heliocentric system itself. In a treatise ti- 
tled Peripateticall Institutions and published 
in 1656, Thomas White, a theologian, who 
considered himself a faithful Aristotelian, 
though admitting that his conclusions some- 
times dissented from the master, concluded 
that wind-driven seas caused the earth to 
rotate daily and, because of an unequal im- 
pact on the earth's surface, those same seas 
also pushed the earth laterally and caused it 
to move with an orbital motion around the 
sun.'^ Thomas White is admittedly an 
anomalous case but should serve as a warn- 
ing that seventeenth-century scholastics are 
not easy to categorize. Nor indeed are me- 
dieval scholastics, who, without any pressure 
to defend the Aristotelian system, often dis- 
agreed on points of cosmological doctrine. 
Because of the direct challenge of the Cop- 
emican system to the Aristotelian, however, 
seventeenth-century scholastics were under 
greater pressure and their responses, not 
surprisingly, were far more varied than any- 
thing found in the Middle Ages, as we shall 
now demonstrate. 

Departures from Medieval Cosmology 

1. Celestial Incorruptibility'' 

Following the introduction into Western 
Europe of Aristotle's scientific treatises dur- 
ing the twelfth and thirteenth centuries, me- 
dieval natural philosophers assumed with 
Aristotle that the world was divided into two 



radically different regions, the terrestxial, 
which embraced everything below the con- 
cave surface of the lunar sphere, and the 
celestial, which included the sphere of the 
moon and everything beyond to the farther- 
most reaches of the finite cosmos. An im- 
portant ingredient of Aristotle's two-region 
cosmology was the conviction that the cdtes- 
tial region was incomparably superior to the 
terrestrial. That superiority was most dra- 
matically manifested by the attribution of 
absolute incorruptibility to the celestial re- 
gion, which was said to be composed of an 
incorruptible ether.^* By contrast, corrupti- 
bility seemed an obvious property of tenes- 
trial bodies, which were subject to incessant 
perceptible changes. Aristotle had seenur^y 
clinched his case for celestial incorruptibility 
when he declared that no changes in the 
celestial region had ever been observed or 
recorded. If the heavens were corruptible, 
some obvious sign of it should have been 
detectable over a long period of time. But 
what about shooting stars, comets, and other 
similar phenomena which seem to appear in 
the heavens? Are these not transient celestial 
phenomena that indicate changes in the 
heavens? Not according to Aristotle, who 
simply denied their celestial location and 
placed than instead in the upper atmosphere 
just below the moon. He explained them as 
products of the various motions of hot and 
dry terrestrial vapors in the region just above 
air.^^ By the elimination of such potential 
counterinstances, Aristotle made the histor- 
ical record serve the cause of incorruptibilit\-. 
It is small wonder that celestial incorrupti- 
bility won near-unanimous acceptance be- 
tween the thirteenth and late sixteentfi cen- 
turies. Durii^ diat same period, it was also 
assumed that the incorruptible ether was 
shaped into hard spheres to which the plan- 
ets and stars were attached and by which 
they were carried around the heavens in cir- 
cular orbits. 

These beliefs, which were conceived as 
fundamental during the Middle Ages, wete, 
as already seen, seriously challenged in the 
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late sixteenth and early seventeenth centu- 
ries by Tycho Brahe, Galileo, and others. 
Some of those who accepted these discov- 
eries and the new interpretations were pre- 
pared to accept dramatic changes in the na- 
ture of tiKe heavens. Observations of the new 
star, comet and sunspots taken together 
convinced many that the celestial region 
could no longer be assumed incorruptible; 
telescopic observation of sunspots offered 
startling evidence that even the familiar and 
seemingly unalterable planets were subject 
to change; and the apparent lack of resistance 
to the comet of 1577 as it moved around the 
sun implied an absence of hard, transparent 
celesti^ ^heres. 

How did scholastic authors react to these 
seemingly grave dangers to Aristotelian cos- 
mology? Before replying to that question, it 
is well to keep in mind that, with a few ex- 
ceptions, most seventeenth-century scholas- 
tics were not only aware of the new Cop- 
emican cosmology, but also knew about the 
discoveries and claims of Tycho Brahe and 
Galileo. Nevertheless, many doggedly de- 
fended the tradihonal opinions. Following 
Aristotle, they insisted that the new star of 
1572, the comet of 1577, and the spots on 
the sun's surface were in reality phenomena 
of the upper atmosphere, mud\ as Aristotie 
had described them in his Meteorology. 

But changes in approach would soon be- 
come apparent. A number of scholastic au- 
thors found Aristotle's responses inadequate 
to the challenges they confronted. Tycho 
Brahe's reputation as an observational as- 
tronomer was not to be set aside lightly. And 
so it was that some scholastics accepted the 
new stars and even comets as celestial phe- 
nomena generated in some manner within 
the celestial region itself. But this did not 
mean that they were prepared to abandon 
their belief in celestial incorruptibility. Their 
problem now was to explain the "new" 
celestial phenomena without abandoning 
incorruptibility. 

Leaving aside the possibility that new stars 
and comets were supernatural creations. 



which few believed, two major approaches 
were devised to reconcile celestial incorrup- 
tibility with the celestial location of new stars 
and comets. One approach constructed new 
stars and comets from bodies already preex- 
isting in the heavens, while the other as- 
sumed their formation from accidental — ^not 
substantial — changes that actually occurred 
in the heavens. 

The first approach made implicit use of 
Galileo's discovery of the satellites of Jupiter. 
Here were celestial bodies that had always 
been in the heavens but remained unseen 
until revealed by Galileo's telescope. Was 
Galileo's discovery only the tip of the ice- 
berg? Was it not reasonable to suppose that 
many other permanent, but ordinarily invis- 
ible, fixtures of the sky were awaiting dis- 
covery?^'' And, to take it a step further, per- 
haps some celestial bodies were so faint that 
one could never hope to see them even with 
a telescope. The stage for the introduction 
of celestial phantoms was now set. Thus, as 
Stillman Drake has observed, "Conservative 
astronomers who for philosophical reasons 
had previously rejected Galileo's discovery 
of new moving stars in the heavens, now for 
philosophical reasons commenced to popu- 
late the sky with moving stars at a rate which 
made Galileo blush."^ 

To save celestial incorruptibility, invisible 
heavenly bodies were now postulated as 
needed. Indeed this practice had begun even 
before Galileo's discoveries, as we learn from 
Christopher Clavius (1537-1612), the fa- 
mous Jesuit astronomer, who reports that a 
few explained the new star as a magnification 
of a regular, but ordinarily invisible, star in 
the constellation Cassiopeia.^^ Its emergence 
as an apparent new star was caused by ter- 
restrial exhalations that were interposed be- 
tween us and the star. Following Galileo's 
celestial discoveries, the practice intensified, 
as is evident in the discussions of Bartholo- 
mew Amicus (1562-1649), a Jesuit theolo- 
gian who described at least four ways in 
which new stars might be fonned froin al- 
ready existing celestial matter, only two of 
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which will be mentioned here. One way 
was to assume that a number of small, or- 
dinarily invisible, stars would somehow 
come into alignment and form a sufficiently 
large mass capable of reflecting light and 
thus becoming visible. Another way, which 
Amicus favored, was to assume d\e existence 
of epicycles each of which carried a deiwer 
than normal piece of celestial ether. When, 
for example, three such epicycles came into 
alignment, the sun, which shines on the 
whole heaven, would illuminate that ethe- 
real cluster, the reflected ligjht of which then 
produces the appearance of a new star. As 
the epicycles continue with their uniform 
motions, the new star will gradually fade 
away. On this approach, celestial changes 
are not real but only apparent. Combinations 
and dissociations of already existing entities 
are said to produce the new but transient 
phenomena. 

Not long after Tycho Brahe had declared 
that the New Star of 1572 was located in the 
celestial region, Christopher Clavius also 
declared unequivocally for this interpreta- 
tion.^^ Thus early on, we find at least one 
scholastic who found the evidence for a 
celestial location convincing, or, conversely, 
fotmd the evidence for a sublunar location 
quite tmconvindng. The New Star had to be 
higher than the region of the air because it 
would have revealed different aspects at such 
a close distance, whereas none had thus far 
been observed. Thus it had to be in the 
celestial region. But it could not be in any of 
the regular planetary orbs because no as- 
tronomer had yet detected any other motion 
for the new star. Therefore, argues Qavius, 
it must be in the firmament, or sphere of the 
fixed stars. Moreover it could not be in the 
elementary region because there would then 
be no plausible explanation as to why it al- 
ways maintained the same distance and rel- 
ative position with respect to the other fixed 
stars. 

As to the origin of the star, Clavius de- 
clared that it was either created by God as a 



major portent, or if it was a natural celestial 
event, then one would have to concede that 
comets could also be created in the heavens, 
just as they could be created in the air. But 
if the latter alternative is true, then perhaps 
"the heaven is not a certain fiftti element, 
but a mutable body, although less comiptible 
than inferior [terrestrial] bodies." Prior to 
Plato and Aristotle, many philosophers be- 
lieved this and indeed after those two lu- 
minaries, some of the most eminent Church 
Fathers — Ambrose, Basil, and Gregory of 
Nyssa — taught the corruptibility of the 
heavens. 

But just as we expect Clavius to take a 
daring stance and opt for the corruptibility' 
of the celestial region, he declares that he 
does not wish to interpose his opinion in this 
matter {meam enim sententiam in tatita re twti 
interpono).^° He is content to have demon- 
strated that the new star is in the stany fir- 
mament. As for all the other difficult ques- 
tions associated with the new star — what it 
portended, why it vanished after two years, 
and so on — Clavius insisted that only God 
knew the answers. Thus in his most famous 
and widely used book, Clavius opted for the 
real existence of the new star but chose to 
avoid any commitment on the perplexing 
questions about the corruptibility or incor- 
ruptibility of the celestial region. But there 
were other scholastics who also came to be- 
lieve in the celestial location of the new star, 
but, unlike Clavius, emphatically maintained 
the traditional belief in celestial incorrupti- 
bility. They were convinced that the new 
celestial phenomena represented real, and 
not merely apparent, ch^figes. One such was 
Raphael Aversa (1589-1671), who, though 
he assumed a sublunar origin and location 
for comets, allowed that new stars repre- 
sented real celestial change.^' How could real 
celestial change be reconciled with incor- 
ruptibility? By assuming, as Aversa did, ^t 
new stars are formed by accidental rather 
than substantial changes. To make his case, 
Aversa assumed diat parts of the heaven 
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were transparent and parts opaque rather 
than rare and dense.^^ Transparency and 
opacity are qualitative properties and the 
changes associated with them are accidental, 
whereas rare and dense are quantitative 
properties and the changes associated with 
them are substantive. To avoid substantial 
dianges in the heavens, Avexsa abandoned 
the properties rare and dense, and insisted 
that the ethereal matter of the heavens could 
only be transparent and opaque. A qualita- 
tive change occurs when a diaphanous part 
of the heaven becomes sufficiently opaque 
to reflect light and become visible as a star; 
as the star's opacity diminishes, however, the 
ability of Uie ethereal substance to reflect 
light diminishes and the new star gradually 
disappears. Although Aversa confessed ig- 
norance as to the cause or causes that could 
transform a part of the celestial ether from 
transparent to opaque and back again to 
transparent, he thought that he had de- 
fended celestial incorruptibility by replacing 
the essentially quantitative terms rare and 
dense by tfie qualitative terms transparent 
and opaque." 

By the third quarter of the seventeenth 
century, at least three Jesuit authors — Giov- 
anni Baptista Riccioli (1598-1671), Melchior 
Comaeus (1598-1665) and George de 
Rhodes (1597-1661) abandoned the tradi- 
tional scholastic belief in the incorruptibility 
of the heavens. Ricdoli, the most famous 
scholastic astronomer of his day, believed 
that "from its very internal nature, the 
heaven has the capacity for generation and 
corruption. Riccioli based his belief in 
celestial corruptibility on three sources, 

namely the authority of Sacred Scripture, the tes- 
timony of the Fathers, and the arguments derived 
from experience concerning spots and torches near 
the solar disk that were discovered by the tele- 
scope and from certain comets that have come 
into being and passed away above the moon. 
These changes are more naturally explained by 
generation and corruption than by other more vi- 
olent means or by nonviolent miracles." 



Of these three sources, however, Ricdoti was 
influenced most by the Church Fathers who 

convinced him that the heavens were com- 
posed of two elements that were identical 
with their terrestrial counterparts, namely 
water and fire, with the former composing 
the solid sphere of the fixed stars and the 
latter comprising the planetary heavens, 
which Ricdoli conceived as a fiery fluid.^ 
Because water and fire formed a vital aspect 
of terrestrial change, Ricdoli, like the Church 
Fathers he claimed to follow, believed they 
were also involved in celestial generations 
and corruptions. With Ricdoli, Comaeus, de 
Rhodes, and others, the daims of Tycho 
Brahe and Galileo were accepted without 
qualification. 

2 Fluid Medium and Tychonic System 

With regard to the issue of celestial incor- 
ruptibility, we see that scholastics in the 
seventeenth century adopted a variety of 
positions, ranging from acceptance of the 
traditional medieval position to its complete 
repudiation. A similar range of reactions 
could be cited for other cosmological issues 
in the seventeenth century. Because the 
celestial path of the comet of 1577 would 
have destroyed, or been affected by, solid 
planetary spheres, Tycho Brahe rejected the 
existence of solid spheres and assiuned in- 
stead a fluid medium through which comets 
and planets were self-moved. In this sig- 
nificant break with Aristotle and the Middle 
Ages, a number of scholasHcs followed Ty- 
cho, as did, for example, Roderigo de Ar- 
riaga, Frandscus Bonae Spei, and Frandscus 
de Oviedo,^" while others — Ricdoli, for ex- 
ample — accepted the fluidity of the heavens 
but retained the solidity of the sphere of the 
fixed stars. Some scholastics, including 
Bartholomew Mastrius, Bonaventura Bellu- 
tus, Giovanni Baptista Ricdoli, and Melchior 
Cornaeus, even adopted Tycho Brahe's cos- 
mological system in whole or in part.*° That 
is, they located the stationary earth in the 
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center of a spherical universe and assumed 
that at least two, and perhaps all, of the other 
planets moved around the sun as their center 
of motion with the sun^ in turn, orbiting the 
earth. 

3. The Terraqueous Sphere 

Another instance of a significant departure 
from medieval cosmology concerned the 
physical description of the earth itself. The 
change involved a shift from the medieval 
view, in which one sphere each was assigned 
to eard\ and water, to a single sphere concept 
in the seventeendi century that included 
both earth and water and which came to be 
called the "terraqueous sphere."*^ Because 
it was obvious that parts of the earth rose 
above the sphere of water, it was assumed 
during the Middle Ages that the sphere of 
water surrounded the sphere of earth in a 
manner that left only a quarter of the earth's 
sphere elevated above the waters. The hab- 
itable portion of the earth's sphere was said 
to lie wholly in the northern hemisphere 
with the southern hemisphere completely 
submerged. The Portuguese explorations of 
the southern hemisphere, especially a voyage 
along the coast of Brazil in 1501, revealed a 
wide distribution of land in the southern 
hemisphere that was previously thought to 
be submerged. In 1515, Joachim Vadianus 
of Switzerland proclaimed that not only did 
earth and water together form a single globe, 
but their relationship was such that over the 
entire surface of that globe earth is partly 
submerged and partly elevated. Here was the 
first description of what would be called the 
"terraqueous globe" in die seventeenth cen- 
tury.** But even before it was named, Co- 
pernicus adopted it in his De revolutionibus.*^ 
The concept entered scholastic cosmology in 
the late sixteenth century when Christopher 
Clavius embraced it in his famous and 
widely read Commentary on the Sphere ofSac- 
robosco.^ During the seventeenth century, 
most scholastic natural philosophers as- 



sumed that earth and water formed a single, 
unified sphere and so abandoned the two 
separate spheres of the Middle Ages. On this 
point, at least, scholastic natural philoso- 
phers were au courant. 

The Relations between MEomvAL and 
Early Modern Scholastic Cosmology 

From the examples just described, it seems 
reasonable to assume that early modem 
scholastic Aristotelian cosmology did indeed 
depart considerably from its medieval coun- 
terpart. May we infer from this that eazly 
modem scholastics were more flexible and 
innovative than their medieval predecessois? 
Such an inference would be unwarranted. 
Indeed a careful comparison between the 
two might well reveal that medieval cos- 
mologists were more imaginative and ven- 
turesome. Why, then, did early modem 
scholastics depart more radically from Ar- 
istotelian cosmology than did scholastiGS in 
the Middle Ages? In my judgment, the an- 
swer lies, as already indicated, in the new 
external challenges to the Aristotelian system 
that began to take effect in the sixteenth cen- 
tury. Significant alterations in AristoteUan 
cosmology made in the Middle Ages contin- 
ued to be discussed into the seventeenth 
century, as, for example, the possible exis- 
tence of an infinite extracosmic void space**; 
the existence of eccentric and epicyclic 
spheres**; and the identification of celestied 
and terrestrial matter.*^ These medieval in- 
novations were well known to scholastics in 
the seventeenth century. But seventeenth- 
century scholastics were confronted widi a 
situation that had no precedent in tfie ^ddk 
Ages. They had not only to contend with a 
heliocentric cosmology that was virtually die 
antithesis of their own, but even more im- 
portant they had to cope with astronomical 
discoveries and interpretations that chal- 
lenged ttie very existence of the traditional 
solid spheres, the inconruptible heavens, and 
the two-region cosmos. With such foimi- 
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dable threats to the system, it is small wonder 
that significant changes occuired. 

It was the external threat that caused 
scholastic Aristotelian cosmology to undergo 
major alterations in the seventeenth century. 
The disagreements that arose in the Middle 
Ages about particular aspects of the pre- 
vailing Aristotelian cosmology did not pro- 
duce serious challenges to the S3rstem as a 
whole. But things were quite different in the 
late sixteenth and seventeenth centuries. 
Galileo is perhaps the best illustration of the 
dramatic changes. With considerable justice, 
Galileo may be viewed as an Aristotelian 
who abandoned the system. Whether or not 
Galileo's Aristotelian treatises — ttie so-called 
Juvenilia — actually reflect his true opinions, 
it is reasonable to assume that in his youth 
his opinions about natural philosophy were 
largely Aristotelian because he had been so 
educated. But already in the De motu, which 
forms part of the Juvenilia, Galileo attacked 
Aristotle's explanation of natural and violent 
motion as well as his concept of absolute 
light and heavy Similar criticisms, how- 
ever, had already been made in the Middle 
Ages^^ and, although Galileo's critiques were 
presented more systematically, they were not 
radically different from what could be found 
earlier. At some point, however, Galileo 
learned about the Copemican system and 
when, in 1597, in a letter to Kepler,'*' he de- 
clared himself a Copemican, we may con- 
clude that Galileo no longer believed in the 
fundamental structure of the Aristotelian 
cosmos. But Galileo could shift cosmological 
allegiance because he had an option. Poten- 
tial Galileos in the fourteenth century had 
no such options. Whatever their dissatisfac- 
tions with Aristotelian cosmology, they had 
no serious alternatives and continued to op- 
erate in the traditional framework, accepting 
as systemic the various anomalies that had 
emerged. 

The first significant and dramatic alter- 
native to Aristotle's cosmology was, of 
course, the Copemican. The emergence of 



that incredibly important option does not 
appear to have been directly or intimately 

associated with the scholastic cosmological 
tradition. It surely was not the outcome of 
internal critiques within the Aristotelian sys- 
tem itself. If anything, it is more likely the 
product of the new Renaissance currents of 
sixteenth-century Europe. With its appear- 
ance in 1543, however, Copemican cosmol- 
ogy represented a powerful alternative to the 
Aristotelian. It was a challenge that could 
not be ignored. 

Aristotelians now realized that they had 
to defend more seriously than ever before 
their claims for the earth's centrality and im- 
mobility Because there were as yet no 
convincing means to demonstrate tfie troth 
of the heliocentric system, that defense 
would have been feasible were it not for the 
more threatening inferences that Tycho 
Brahe drew from the new star of 1572 and 
the comet of 1577 and the equally devastat- 
ing consequences of Galileo's telescopic dis- 
coveries, especially those that followed from 
the discovery of sunspots. 

In the cosmological controversies of the 
sixteenth and seventeenth centuries, some 
abandoned Aristotelian cosmology and be- 
came Copemicans. Many of these subse- 
quently also adopted the celeshal location of 
new stars, comets, and sunspots. But many 
remained Aristotelians. Their reaction to the 
new diallen^ was, as we have argued, 
varied. Some not only abandoned celestial 
incorruptibility and solid spheres, but even 
accepted Tycho Brahe's geoheliocentric sys- 
tem in which all the planets orbited around 
the sun and the latter, in turn, moved an- 
nually around the earth, which was immo- 
bile in the center of the cosmos.'^ At least 
one scholastic, and perhaps more, assumed 
that the earth was more perfect than the sun, 
which implies an abandonment of the fun- 
damental Aristotelian idea that the celestial 
region is more perfect than the terrestrial.'* 
Indeed, we even saw that Thomas White as- 
sumed the physical reality of the heliocentric 
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system. Such actions — especially the last 
mentioned — by avowed Aristotelians raises 
a significant question: is a core of Aristotelian 
cosmological belief distinguishable without 
which the appellation "Aristotelian" be- 
comes meaningless? or was the Arisotelian 
system so capacious that it could even absorb 
major ideas that were antithetical to its own 
authentic and well-established concepts? 

What has been shown here thus far in- 
dicates that Aristotelian cosmology, and 
especially Aristotelian natural philosophy as 
a whole, was unusually capacious through- 
out the period of its existence.'' It absorbed 
ideas that at first glance appear subversive 
of the system if their consequences had been 
pursued.'* Such consequences, however, 
were either undetected or ignored and in 
those rare instances where cognizance was 
taken of them they were made compatible 
with the system. Thus Aristotelians seemed 
capable of living with serious anomalies that 
should have focused attention on inconsis- 
tencies within the system as a whole. Rather 
than draw damaging inferences from anom- 
alous concepts and ideas, they successfully 
isolated and compartmentalized them.^'' 

Were there concepts, however, which, if 
adopted by Aristotelians, would, by their 
very natures, have destroyed the system or 
emptied the expression "Aristotelian cos- 
mology" of sig^iificant content? I should 
want to argue that at least one belongs to 
this category, namely the heliocentric system 
itself. To accept the earth as a planet no dif- 
ferent from any other of the traditional 
planets and to have it orbit around the sun 
assumed at rest at or near the center of the 
cosmos would have made Aristotelian cos- 
mology indistinguishable from the Coper- 
nican system. Virtually all that made the Ar- 
istotelian system distinctive would vanish, 
most notably the centrality and immobility 
of the earth and the sharp distinction be- 
tween the celestial and terrestrial regions and 
with it prestmiably the capacity of the former 
to cause change in the latter. 



How then shall we explain Thomas White, 
who, as we saw earlier, assumed the truth 
of the Copenican system and yet considered 
himself an Aristotelian? In reply, it is essen- 
tial to understand that these are not incom- 
patible concepts. Insofar as White accepted 
the heliocentric system, we must conciude 
that he had effectively abandoned Aristo- 
telian cosmology. But he could nonetheless 
continue to consider himself an Aristotelian 
if he retained other significant aspects of Ar- 
istotelian natural philosophy. He might have 
continued to believe in Aristode's principles 
of biology and perhaps also Aristode's ex- 
planations of diange, and so on. Indeed 
there were Aristotelians in die eighteendi 
and nineteenth centuries (for exan^e, in 
logic, biology, and metaphysics) who were 
undoubtedly heliocentrists and would hardly 
have considered themselves Aristotelians in 
cosmology. During the Middle Ages most, if 
not all, were Aristotelian natural philoso- 
phers in the full sense, that is, they sub- 
scribed to Aristode's natural philosophy as 
a whole although they might disagree with 
particular explanations. But as particular as- 
pects of Aristotelian natural philosophy were 
repudiated and overthrown or simply aban- 
doned, the term Aristotelian has to be more 
carefully specified. In cosmology, some, as 
we saw, rejected celestial incorruptibility and 
solid spheres and at least one person also 
assumed the axial rotation of the earth,^^ but 
all quite reasonably considered themselves 
Aristotelians because all retained belief in a 
geocentric universe. To my knowledge 
Thomas White is the only exception, the only 
one who considered himself an Aristotdian 
and embraced die heliocentric system. As the 
sole exception, and for the reasons already 
given, Thomas White should be consklered 
an anomaly. Although Aristotelian cosmol 
ogy was extraordinarily absorbtive of seem- 
ingly incongruous and even hostile concepts 
and ideas during the sixteenth and seven - 
tenth centuries, it was not so sponge-Uke diat 
it could also absorb the heliocentric system. 
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Conclusion 

By the seventeenth century, Aristotelian 
scholastic cosmology could hardly be char- 
acterized as "a many splendored thing. " But 
neither was it a hopelessly static and con- 
gealed body of medieval doctrine, as it has 
so often been depicted. Based on the ex- 
amples described here, it ought to be more 
accurately characterized as a body of varied 
opinion in which there was at least some 
genuine effort to incorporate aspects of the 
new cosmology into the old. Far from being 
monolithic, scholastic Aristotelians ranged 
from steadfast defenders of the status quo 
to those who actually came to oppose im- 
portant elements of the Aristotelian system 
which they replaced with new ideas and ob- 
servations derived from their opponents. 
And like some of their medieval predeces- 
sors, a few even came to view Aristotle with 
a more critical spirit, in a manner strikingly 
at variance with Galileo's depiction of the 
slavish and dogmatic Simplido. Melchior 
Comaeus, for example, in his defense of 
celestial corruptibility in 1657, sought to 
convince his readers that 

If Aristotle were alive today and could see the 
alteratkm and conflagrations that we now perceive 
in the sun, he would, without doubt, change his 
opinion and join us. Surely the same could be 



said about the planets, of whidi the Philosopher 

knew no more than seven. But in our time, 
through the works of the telescope, which was 
lacking to him, we know for an absolute certainty 
that there are more." 

While paying tribute to Aristotle's scientific 
objectivity which would have prompted him 
to accept new and well-attested discoveries, 
Comaeus also reveals a diminished confi- 
dence in Aristotle's cosmology. Indeed 
Franciscus Bonae Spei would declare that "in 
the books on De caelo, [Aristotle] erred many 
times.""" 

During the seventeenth century, many 
compromises were made. Bits and pieces of 
Aristotelian cosmology were replaced by bits 
and pieces of the new cosmology.^* Strange 
cosmological mosaics were produced none 
of which could win widespread support. It 
was truly a period of transition. One system 
was passing away, another coming into 
being. To comprehend the momentous 
changes that occurred in the seventeenth 
century, it is essential to study the fate of 
the old cosmology as well as the new. Only 
then will we have a comprehensive picture 
of the cosmos as it was understood in the 
seventeenth century. Perhaps then we may 
learn, among other things, why Aristotelian 
cosmology coexisted with its Copemican ri- 
val for some 144 years before it succumbed. 
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1 . Dialogo di Galileo Galilei Linceo . . . sopra i due ma$- 
simi sistemi del mondo Tolemaico, e Copemicano 
(Florence, 1632); reprinted in the National Edition: 
Le opere di Galileo Galilei, ed. Antonio Favaro, 20 
vols. (Florence, 1890-1909), vol. 7. 

2. Nicholas Copernicus, De reuolutionibus orbium coe- 
lestium (Nuremberg, 1543). 

3. As used here, the term "scholastic Aristotelian" ap- 
plies largely to Catholic theologians who, for the 
most part, accepted Aristotle's philosophy of nature 
and cosmology and considered themselves Aristo- 
telians. For further discussion and reasons for 
avoiding a definition of "Ari<it(>telian" or "Aristo- 
telianism," see Edward Grant, in Defense of the 
Earth's Centrality and Immobility: Scholastic Re- 
action to Copemicanism in the Seventeenth Cen- 
tury," Transactions of the American Philosophical So- 



ciety. 74, part 4 (1984), 3-4. Although I shall not 
offer a formal definition of "Aristotelian" or "Ar- 
istotelianism," I shall attempt below to consider cri- 
teria for being an Aristotelian in cosmology. 

4. Philosophiae Naturalis Principia Mathematica (Lon- 
don, 1687). 

5. Two possible exceptions are unpublished Ph.D. 
dissertations at Cambridge University by Christine 
Jones, "The Geoheliocentric Planetary System: Its 

Development and Influence in the Late Sixteenth 
and Seventeenth Centuries ' (1964) and William H. 
Donahue, 'The Dissolution of the Celestial Spheres 
1595-1650" (1972) Although neither of these 
works was intended as a study of scholastic Aris- 
totelian cosmological ideas in the seventeenth cen- 
tury, both contain much useful information about 
scholastic attitudes toward certain cosmological 
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concepts, namely the scholastic Aristotelian reaction 
to Tycho Brahe's geoheliocentic system and to the 
existence and nature of the celestial spheres. In both 
works, however, only the basic conclusions of 
scholastic arguments are presented; details are usu- 
ally omitted. 

6. James R. Moore, The Post-Darwinian Controversies: 
A Study of the Protestant Struggle to Come to Terms 
with Darwin in Great Britain and America 1870-1900 
(Cambridge: Cambridge University Press, 1979), 
114. See also Grant, in Defense of the Earth's 
Centrality and Immobility," 65. 

7. There were of course exceptions, a notable one being 
Otto von Guericke, who cited numerous scholastic 
authors, including Leonard Lessius, Athanasius 
Kircher, and especially the Aristotelian commen- 
taries of the Coimbra Jesuits (see his Experimenta 
nova [ut vocantur] Magdeburgica de vacuo spatio 
[Amsterdam, 1672; reprinted in facsimile Aalen: 
Otto Zeller, 1962], 51-52, 61-65). 

8. See Stillman Drake, Galileo at Work: His Scientific 
Biography (Chicago: University of Chicago Press, 
1978), 180, 489, n. 4; 264-273; also Drake, Discov- 
eries and Opinions of Galileo (Garden City, N.Y.: 
Doubleday & Co., 1957), 81-82. In his attack on 
Christopher Scheiner, Galileo also used a surrogate, 
Maho Guiducd (see Drake, Galileo at WorK 267- 
268). 

9. Galileo: Dialogue Concerning the Two Chief Worid 
Systems, translated with revised notes by Stillman 
Drake (Berkeley: University of CaMomia Press, 
1962), 336. Although Simplicio immediately adds 
that "if I have been in error I shall be glad to be 
lifted out of it," there is no evidence that he was 
so lifted. 

10. Ibid., 379. 

11. There were numerous disagreements, as for ex- 
ample, whether eccentrics and epicycles were real 
or mere geometric conveniences; whether, if other 
worlds existed, more than one center could exist; 
whether the world was in a place; whether matter 
existed in the heavens, and so on. On all such issues, 
there were at least two opinions. But such "internal" 
disagreements did not produce opporatitm to the 
S3rstem as a whole and lead natural philosophers 
to devise a new system. Indeed in some of the dis- 
putes, each side claimed to be the faithful interpreter 
of Aristotle. 

12. Although approximately two-thirds of Plato's Ti- 
maeus was available in Chalddius's Latin translation 
during the Middle Ages, it posed no serious threat 
because most of Plato's other works were absent. 
Indeed Aristotle's cosmology had already con- 
fronted — and displaced — Plato's Timaeus, which 
was the basic cosmological text for scholars in the 
early Middle Ages prior to the introduction of Ar- 
istotle's physical works in the twelfth and early 
thirteenth centuries. 

13. Although 1 am unaware of any single list of Re- 
naissance translations from Greek to Latin, R. R. 
Bolgar has presented a list of "Greek Manuscripts 
in Italy During the Fifteenth Century" (R. R. Bolgar, 



The Classical Heritage and Its Beneficiaries [Cam- 
bridge: Cambridge University Press, 1954], 455- 
505) and also organized a table of vernacular trans- 
lations of Greek and Roman classical authc»s before 
1600 (506-541). Not only did Renaissance humann- 
ists retranslate many works previously translated 
in the Middle Ages, but their more noteworthy 
contributions, according to Paul Kristeller (The 
Classics and Renaissance Thought, Martin Classical 
Lectures, vol. 15 [Published for Oberhn College b\ 
Harvard University Press, 1955], 16-17), lay "in 
those numerous cases where they translated works 
of Greek antiquity for the first time. The catalogue 
of these translations cannot yet be given in the 
present state of our knowledge, but it appeals cer- 
tain that the body of newly tnunslated material in- 
cludes practically all of Greek poetry, historiogra- 
phy, and oratory, much of Greek patristic theology 
and of non-Aristotelian philosophy, and even some 
additional writings on the sciences of mathematics 
and medicine. The authors, all or most of whose 
writings thus became known to Western readers, 
include Homer and Sophocles, Herodotus and 
Thucydides, Xenophon, Isocrates, Demosthoies, 
Plutarch and Ludan, Epicurus, Sextus and Plolinus, 
to mention only a few writers of obvious merit or 
influence. Again, dividing the line between wwks 
translated in the Middle Ages and first trandated 
during the Renaissance often separates the individ- 
ual writings of the same author, as is the case with 
Plato, Hippocrates, Galen, and Ptolemy, with many 
Aristotelian commentators and patristic Iheologyns, 
and even with Aristotle." 

14. See De placitis philosophorum. bk. 3, di. 13, fabriy 
ascribed to Plutarch but which was regularly in- 
cluded in the eleventh volume of Plutarch's Moralia: 
and see also Plutarch's Concerning the Face Whtch 
Appears in the Orb of the Moon (De facie quae tr. crbt- 
lunae apparet), p. 55 of Harold Chemiss s transla- 
tion; Plutarch's Moralia with an English translation 
by Harold Chemiss and William C. Helmbold, vol. 
12, 920A-999B (Loeb Classical Library; Londcm; 
William Heinemann Ltd; Cambridge, Mass.: Har- 
vard University Press, 1957). 

15. Tycho's first publication on the New Star of 1572 
was the De nova et nullius aevi memoria prius vis 
Stella . . . (Copenhagen, 1573). His most important 
discussion of it appeared much later in Astronomiae 
instaurataeprogymnasmata . . . (Prague, 1 602). The 
latter was the main source for subsequent aun- 
maries and descriptions in the seventeenth century. 
Tycho's account of the comet of 1577 did not appear 
until 1588 (shortly after the comet disappeared in 
1578, Tycho wrote a German version that was not 
published until 1922), when he published the P. 
mundi aetherei recentioribus phaenomenis . . . (Ur- 
aniborg). See C. Doris Hellman, "Brahe, Tydio," 
Dictionaru of Scientific Biography, 2 (1970), 414; als*.i 
402-403 (on the New Star) and 406-409 (on the 
ccHnet of 1577 and later comets). In the tenth chapter 
of the De mundi aetherei. Tycho summarized the 
opinions of contemporary astronomers on the comet 
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of 1577 and thus provided valuable historical data 

on that notable celestial event (see C. Doris Hellman, 
The Comet of 1577: Us Place in the History of Astron- 
omy [New York: Columbia University Press, 1944], 
120-121. 

1 6. Hellman, "Brahe," Dictionary of Scientific Biography, 
2 (1970), 408. 

17. See Drake, Discoveries and Opinions of Galileo, 82- 
83. The Englishman Thomas Harriot seems also to 
have observed sunspots at about the same time. 

18. One such was Juan Hidalgo, an Augustinian hermit, 
who, in a two volume treatise on natural philosophy 
based on the thought of Giles of Rome (Aegidius 
Romanus, ca. 1247-1316) and published in 1736- 
1737 {Cursus philosophicus ad mentem B. Aegidii Col. 
Rom. . . authore R.P.M. Fr Joanne Hidalgo Astigiensi 
. . . [Cordova]), makes no mention of modem au- 
thors Uke Galileo, Copernicus, Tycho Brahe, Kefder, 
etc. Instead he follows Aquinas rather closely and 
cites quite a few of the major scholastic authors of 
the seventeenth century. Hidalgo seems caught in 
a thirteenth-century time warp. 

19. On White, see my study "In Defense of the Earth's 
CentraUty and bnmobility," 8-9. 

20. The present section on celestial incorruptibility is a 
highly abbreviated version of a paper that was de- 
fiveted at an international workshop in brael ("The 
Interrelations between Physics, Cosmology and 
Astronomy: Their Tension and Its Resolution 1300- 
1700/' April 29-2 May 1984) and which will be 
published in the proceedings of the workshop. 

21 . See Aristotle, De caelo. bk. 1, ch. 3. 

22. Ibid. 1.3.270b. 13-17. 

23. Aristotle, Meteorologica 1.3.341a. 33-35 and 
1.4.342a. 30-33. 

24. In his thirteenth-century Hexaemeron, Robert Gros- 
seteste already posed the questions that Galileo's 
telescopic discoveries would raise when he asked: 
"how is it known that there are not more planets, 
invisible to us but nevertheless useful and necessary 
for generation in the lower world? For the philos- 
ophers say that the Milky Way is made up of very 
nnall fixeid stars, invisible to us. Therefore, how 
can it be known, except by divine revelation, 
v^rhether there are not more stars of this sort invisible 
to us." Translated by Richard C. Dales, "The De- 
Animation of the Heavens in the Middle Ages," 
Journal of the History of Ideas 41 (1980), 541. 

25. Drake, Discoveries and Opinions of Galileo, 83. 

26. "Nonnulli enim, licet paud, putavenmt, earn stellam 
novam non fuisse, sed unam ex antiquis illis tre- 
dedm quae semper in Cassiopeia ab astronomis sunt 
observatae; visam autem tunc esse maiorem solito 
propter exhalationem in suprema aeris regione inter 
ipsam et nostrum aspectum interiectam." Christo- 
phori Clttvii Bambergensis ex Societate le$u in 
Sphaeram lohannis de Sacra Bosco Commentarius (4th 
ed.; Lyon, 1593), 208. Bartholomew Amicus mis- 
takenly attributed this opinion to Clavius himself 
and added that the interposed exhalations made 
the star visible "just as a coin placed in water ap- 
pears greater because of refraction." See Amicus, 



In Aristotelis libros De caelo et mundo dilucida textus 
explicatio et disputationes in quibus illustrium scho- 
larum Averrois, D. Thomae, Scoti, et Nominalium sen- 
tentiae expenduntur earumque tuendarum probabil- 
iores modi afferuntur (Naples, 1626), 246, col. 1. In 
fact, Clavius refutes this opiiuon (ibid., 210). 

27. Bartholomew Amicus, De caelo, 244, col. 2 and 245, 
col. 2. 

28. "Itaque ut breviter quod sentio, dicam, censeo stel- 
lam illam quaecunque ilia fuerit in Firmamento ubi 
stellae fixae sunt extitisse." Clavius, In Sphaeram 
lohannis de Sacro Bosco Commentarius, 210. 

29. "Dicendum enim fortasse erit caelum non esse 
quintam quandam essentiam sed mutabile corpus, 
Ucet minus corruptible sit quam corpora haec in- 
feriora. " Ibid., 211. 

30. Ibid. 

31. Raphael Aversa, Philosophia metaphysicam physic- 
amque complectens quaestionibus conlexta (2 vols.; 
Rome: Apud lacobum Mascardum, 1625, 1627), 2, 
91-100 (for arguments pro and con witti an ultimate 
resolution in favor of the sublunar nature of comets), 
85-86 (for the celestial nature of new stars). Aversa's 
opinion was rather similar to that of Galileo, who 
accepted the reality of celestial changes but did not 
declare in favor of the celestial nature of comets. 
In his Discourse on Comets of 1619 (although the 
work appeared under the name of Mario Guiducci, 
Galileo was unquestionably its author; see The Con- 
troversy on the Comets of 1618: Galileo Galilei, Horatio 
Grassi, Mario Guiducci. Johann Kepler, tr. Stillman 
Drake and C. D. O'Malley [Philadelphia: University 
of Peimsylvania Press, 1960], xvi-xvii) Galileo ar- 
gued that astronomers had not yet demonstrated 
that comets were real bodies rather than reflections 
from vapors and therefore they were in no position 
to argue from parallax that comets were celestial 
{The Controversy on Comets, 36-39; also Drake, Gal- 
ileo at Work 271). He seems not to have abandoned 
his skepticism in the Dialogue Concerning the Two 
Chief World Systems, where his spokesman Salviati, 
after first asserting that "excellent astronomers have 
observed many comets generated and dissipated in 
places above the lunar orbit, besides the two new 
stars of 1572 and 1604, which were indisputably 
beyond all the planets" (Drake tr., 51), goes on to 
explain (ibid., 52) that 

"As far as the comets are concerned 1, for my 
part, care little whether they are generated below 
or above the moon, nor have I ever set much store 
by Tycho's verbosity. Neither do 1 feel any reluc- 
tance to believe that their matter is elemental, and 
that they may rise as they please without encoun- 
tering any obstacle from the impenetrability of the 
Peripatetic heavens, which 1 hold to be more ten- 
uous, yielding, and subtle than our air. And as to 
the calculation of parallaxes, in the first place I doubt 
whether comets are subject to parallax; besides the 
inconstancy of the observations upon which they 
have been computed renders me equally suspicious 
of both his opinions and his adversary's. . . ." 

In this passage, Galileo seems to believe that 
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comets are formed from vapors of terrestrial origin, 
vvhichi could however rise into the heavens, since 
the latter were suffidendy tenuous to be penetrated. 
But he does not assume that they actually rise into 
the heavens because he (1) doubts whether they 
are subject to parallax, presumably because, as in 
the Discourse on Comets, he was still unconvinced 
that they were real bodies, and (2) because even if 
tttey were subject to parallax, the computations of 
parallaxes is unreliable. Except for the assumption 
of a tenuous and permeable heaven and the pos- 
sibility that the constituent vapors of comets might 
rise into the heaven, Galileo's opinions were not 
uncommon among scholastics, who also took ad- 
vantage of the uncertainties of parallax measure- 
ments and who also believed, with Aristotle, that 
comets were formed from sublunar vapors. 

32. Aversa, ibid., 89, col. 2-90, col. 1. 

33. Aversa's shift from rare and dense to transparent 
and opaque was seemingly prompted by his belief 
in the solidity of the celestial spheres and by a com- 
parison of crystal and wood. Although crystal is 
quite dense it is not opaque but transparent, whereas 
wood, which is more opaque than crystal, is less 
dense. The transparency of the heaven is thus a 
result of its great dennty and not of its rarity. For 
Aversa, then, the traditional opinion that stars are 
denser portions of celestial ether which are capable 
of reflecting light and becoming visible is untenable. 
In terms of the analogy between crystal and wood, 
the opposites dense and rare cannot explain the 
appearance of planets and stars as dense clusters 
of ether and the transparency of the celestial spheres 
as the rarer parts of the heavens. By substituting 
transparent and opaque, however, Aversa asso- 
ciated the former with the invisible celestial spheres 
and the latter with the visible planets and stars. 

34. Almagestum novum astronomiam velerem novamque 
complectens observationibus aliorum et propriis no- 
visque theoretnatibus, problematibus ac tabulis pro- 
motam; in tres loniot^ distributam . . . (Bologna, 1651), 
pars posterior, 238, col. 1. Only the first volume, in 
two parts, appeared. For Melchior Comaeus, see 
Curriculum philosophiae peripateticae. uti hoc tempore 
in scholis decurri solet . . . auctore Melchiore Comaeo, 
Soc. lesu, SS. Theologiae doctore eiusdemque in alma 
universitate Herhipolensi professore ordinario (Wiirz- 
burg, 1657), 489; for George de Rhodes, see R. P. 
Georgii de Rhodes Avenionensis, e Societatis lesu, 
Philosophia pcripatetica ad veram Aristotelis mentem 
libris quatuor digesta et disputata . . . (Lyon, 1671), 
278-81. 

35. Ibid., 239, col. 1. 

36. Ibid., 233, col. 2; 236, cols. 1-2. 

37. In his Astronomiae Instauratae Mechanica of 1598, 
Tycho declared that the "whole heaven is most 
transparent and fluid and is not filled with hard 
and real orbs" ("totum caelum limpidissimum et 
liquidissimum esse, nullisque duris et reaiibus orb- 
ibus refertum"). The Mcchamca has been reprinted 
in the modem edition of Tycho's works. See Ty- 



chonis Brake Dani Opera omnia, J. L. E. Drever. ed 
15 vols, (Copenhagen, 1913-1929), 5: 1 17. For some 
years before he wnrote the lines cited above, Tycho 
had denied the existence of solid spheres in both 
published works and in correspondence. See Opcrj 

3 (Progymnasmata; although published in 1 602, most 
of it was written long before): 78. 90-9 1,111, 151; 

4 (De mundi aetherei recetUioribus phaenomenis). 1 59, 
222ff; 6 (correspondence with Rothmann): 88, 140 
148, 187; 7 (general correspondence): 130, 163. 229. 
260, 267, 293); 8: 45, 206, 208. For the references 
to Tycho's works, I am grateful to my colleague, 
Victor E. Thoren. Donahue {pissolution of the Celes- 
tial Spheres. 63) explains that Tycho had abeady 
"read and substanhally agreed with Cardan's come: 
theory [which located comets in the celestial region], 
and he also comments favourably upon the idea, 
which he attributes to Paracelsus, that the heav ens 
are filled with fire. At the very least, this shows that 
his investigation of the paraUax of the 1577 ootnet 
was inspired by a philosophical viewrpoint which 
was not in the Aristotelian mainstream." The 
bradceted phrase is mine. A contrastmg hypulliesis 
fits the situation just as well. Having disccivcred a 
parallax that would place the comet of 1577 above 
the moon, Tycho then sought support for what was 
still a daring opinion in the sixteenth century 

38. See Roderigo de Arriaga, Cursus philosophicus 
(Antwerp, 1632), 503, col. 1; Frandscus Bonae Spci 
Commentarii tres in universam Aristotelis philo<o- 
phiam: commentarius tertius in lihros De coelo. De 
generatione et corruptione. De anima, et Metaphysieam 
Aristotelis (Rmsseh. 1652), 13, col. 2-14, col. Irand 
Franciscus de Oviedo, Integer cursu> philo>ophicu< 
ad unum redactus, in Summulas, Logicam. Physicam. 
De caelo, De generatione, De anima, et Metaphysicam 
distributus (2 vols.; Lyon, 1640), vol. 1, 468, col. 2- 
469, col. 1. 

39. We have already seen this since Ricdoli assumed 
that the sphere of the fixed stars was congealed 
water and the rest of the heaven was a fiery fluid 

40 . For a brief discussion and references, see Grant, ' ' In 
Defense of the Earth's Centrality and ImmobiHtv," 
13. 

41 . Only a skeletal sununary is given here of a detailed 
discussion in Grant, "In Defense of Ae Ewth's 

Centrality and Immobility," 22-31. Aristotle had 
argued (Meterologica 2.2.354b. 23ff.) that the four 
elements were arranged concentrically from the 
center outward to the concave surface of the lunar 
sphere in the order: earth, water, air. and fire. He 
was, however, aware that this sdieme was not fuDy 
realized in nature because dr\' land extended above 
the waters and fire could be seen on the earth s 
surface. 

42. In the fourteenth century, John Buridan pro%nded 
an accurate description of the terraqueous sphere 
only to reject it. See lohannis Buridtni Quaestkmes 
super libris quattuor De caelo et mundo ed Ernest 
A. Moody (Cambridge, Mass.: Mediaeval Academy 
of America, 1942), 157. For a translation of die td- 
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evant passage, see Edward Grant, A Source Book in 
Medieval Science (Cambridge, Mass.: Harvard Uni- 
versity Press, 1974), 622. 

43. Nicholas Copernicus On the Revolutions, ed. Jerzy 
Dobrycki, translation and commentary by Edward 
Rosen (Baltimore: The Johns Hopkins University 
Press, 1978), bk. l,ch. 3 ("How Earth Forms a Single 
Sphere with Water"), 9. 

44. For Clavius's discussion, see Christophori Clavii 
Bambergensis ex Societate lesu in Sphaeram lohannis 
de Sacro Bosco Commentarius (4th ed.; Lyon, 1593), 
133-51 ("whether earth and water form one globe 
. . ."). Judging by the bibUography in Carlos Som- 
mervogel, S. J., Bibliotheque de la Compagnie de J^sus 
(12 vols.; Brussels/Paris, 1890-1911), vol. 2, cols. 
1212-1213, Clavius's Commentary on the Sphere of 
Sacrobosco went through at least five editions and 
fourteen printings. 

45. See Edward Grant, Much Ado About Nothing: The- 
ories of Space and Vacuum from the Middle Ages to 
the Scientific Revolution (Cambridge: Cambridge 
University Press, 1981), 116-144 (for medieval ar- 
guments) and 152-181 (for sbcteenth and seven- 
teenth century scholastics, among whom were 
Francisco Suarez and Bartholomew Amicus). 

46. During tiie Middle Ages, many accepted the real 
existence of eccentric and/or epicyclic spheres (for 
example, see Pierre d'Ailly's 24 Quaestiones [i.e. 14 
Questions on the Sphere of Sacrobosco] in Spherae 
Tractatus loannis De Sacro Busto AngUci viri clariss.; 
Cerardi Cremonensis Theoricae planetarum; . . . Al- 
petragii Arabi Theorica planetarum nuperrime latinis 
mandata Uteris a Calo Calonymous Hebreo Neopoli- 
tano, ubi nititur salvare apparentias in motibus pla- 
netarum absifue eccentricis et epicyclis (Venice, 1531), 
question 13 ("whether, in order to save the ap- 
pearances, it is necessary to assume eccentric and 
epicyclic circles"), fols. 163v-164v. For seventeentti- 
century defenses of eccentrics and epicycles, see 
Clavius, In Sphaeram lohannis de Sacro Bosco Com- 
mentarius (Lyon, 1593), 499-525 ("By what ap- 
pearances have eccentrics and epicycles been found 
in the heavens by astronomers") and Bartholomew 
Amicus, De caelo, 265, col. 1-270, col. 2 ("whether 
eccentrics and epicycles must be assumed"). 

47. For the identification of celestial and terrestrial 
matter by Aegidius Romanus and William Ockham, 
see Edward Grant, "Celestial Matter: A Medieval 
and Galilean Cosmological Problem," Journal of 
Medieval and Renaissance Studies, 13, nr. 2 (1983), 
165-172. Although conceived rather differently, 
Franciscus Bonae Spei, and others, made the same 
identification in the seventeenth century' (see Fran- 
ciscus Bonae Spei, Commentarii tres in universam 
Ari^elis philosophiam: commentarius tertius, 9, col. 
2-10, col. 1. 

48. A summary of these arguments appears in Edward 
Grant, "Bradwardine and Galileo: Equality of Ve- 
IcKities in the Void," Archive for History of Exact 
Sciences, 2, nr. 4 (1965), 355-364. 

49. For exam(de,tfie following departures from Aristotle 



were proposed: (1) that it was not absurd that un- 
equal but homogeneous bodies would fall with 
equal speeds in a vacuum (see Grant, "Bradwardine 
and Galileo," 344-355; (2) that bodies are moved 
violently by impressed forces (or impetus) rather 
than by air (see Marshall Clagett, The Science of Me- 
chanics in the Middle Ages [Madison, Wis.: Uruversity 
of Wisconsin Press, 1959], chs. 8, 9, 505-582); and 
(3) that heavy and light bodies, and the places as- 
sociated with them, are relative (see Nicole Oresme: 
Le Livre du del et du monde, edited by Albert D. 
Menut and Alexander J. Denomy; translated with 
an introduction by Albert D. Menut (Madison, Wis.: 
University of Wisconsin Press, 1968), 71, 173. 

50. See Le opere di Galileo Galilei, 10: 68. 

51. No plausible evidence has yet appeared to suggest 
that fourteenth-century discussions of the earth's 
possible axial rotation by John Buridan and Nicole 
Oresme had any influence on Copernicus (for the 
texts, see Qagett, The Science of Mechanics in the 
Middle Ages, 583-609 and Grant, A Source Book in 
Medieval Science, 500-510). 

52. The arguments are described in Grant, "In Defense 
of the Earth's Centrality aiul Immobility." 

53. See Jones, "The Geoheliooentric Planetary System," 
286. 

54. See Riccioli, Almagestum novum, pars posterior, 469, 
col. 1. Because most scholastics in the seventeenth 
century believed that animate beings, however 
lowly (thus including even wasps and flies), were 
nobler than the inanimate planets and stars, Riccioli 
inferred that the eardi on whidt they lived must 
also be nobler than the sun, which was often con- 
sidered the noblest planet. I have treated this issue 
at length in a forthcoming article, ("Celestial Per- 
fection From the Middle Ages to the Late Seven- 
teenth Century ') that will appear in a festschrift 
volume (Cambridge University Press) edited by 
Margaret J. Osier and Paul L. Farber; see also Grant, 
"In Defense of the Earth's Centrality and Immo- 
bility," 59. 

55. I have described the capaciousness of early modem 
Aristotelianism in my article, "Aristotelianism and 
the Longevity of the Medieval World View," History 
of Science, 16 (1978), especially 100-101. 

56. Some have already been mentioned, for example, 
the reality of eccentric and epicyclic spheres, im- 
petus theory, the identification of celestial and ter- 
restrial matter, and the existence of an infinite ex- 
tracosmic void space. 

57. That scholastics rarely drew potentially devastating 
consequences from their sometimes innovative ideas 
is perhaps attributable to the nature of the questiones 
form of scholastic literature, which emphasized the 
independent question and effectively "prevented 
any larger synthesis that might have forced a major 
overhaul or reconstitution of Aristotelian cosmol- 
ogy." This "atomization of Aristotie's physical 
treatises resulted in an intellectual flotsam and jet- 
sam of unrelated questions which actually concealed 
grave inconsistencies and discrepancies" (Grant, 
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"Aristotelianisin and the Longevity of the Medieval 
Wodd View," 98-99). 

58. See Andreas Cesalpino, Peripateticarum qmestionum 

libri quinque (Venice: apud luntas, 1571), bk. 3, 
question 4, fols. 53r-59v; and for a summary of 
Cesalpino's arguments. Grant, "In Defense of tfie 
Earth's Centrality and Immobility," 6-8. 

59. "Si Aristoteles hodie viveret et quas modo nos in 
sole alteratiunem et conflagrationes deprehendimus, 
videret, absque dubio mutata sententia nobiscum 
faceret. Idem sane est de planeteis, quos Philoso- 
phus septenis plures non agnoscit. At nos hoc tem- 
pore opera telescopii (quo iUe caruit) plures omnino 
esse certo scimus." Comaeus, Curriculum philoso- 
phiae peripateticae, 503. Through his spokesman, 
Salviati, Galileo had earlier said much the same 
thing: "I declare tliat we do have in our age new 
events and observatioiis such that if Aristotle were 
now alive, I have no doubt he would change his 
opinion" {Dialogue Concerning the Two Chief World 
Systems, Drake tr., 50). 

60. "Respondeo authoritatem Aristotelis non ita attendi 
quia in libris De coelo pluries erravit." Franciscus 
Bonae Spei, Commentarii tres in universam Aristotelis 
philosophiam: commentarius tertius, 14, col. 2. 



61. Occasionally, the process worked the other way, 
with a nonscholastic scientific autfior retaining an 
important piece of Aristotelian cosmology. Thus 
Otto von Guericke, a coiifirmed Copemican (£x- 
perimenta nova, 218, col. 1, where he says: "Ergo 
Copemicanum Systema est verum et aiteri prae- 
ferendum") insisted that the planets moved %vith 
perfect regularity and therefore did not vaiy tfieir 
distances from die earth. As he eiq^ained it (ibid., 
166, col. 1): 

"Indeed it is true that we see tfie sun and, otfter 

things being equal, the moon now greater and now 
smaller. But this is not because of an approach and 
withdrawal of diese bodies toward {and away fnm] 
the earth, but [because of] air, which, on account 
of its diverse higher or wetter constitution, or be- 
cause of its greater or leaser depth, causes different 
appearances." 

By his belief in perfect circular motions for the 
planets and denial of any variation in their distances^ 
Von Guericke, though a Copemican, retained one 
of the most basic of Aristotle's cosmological tenets. 
In this sense, he seems a purer Aristotelian than 
medieval and contemporary scholastics, ver\' few 
of whom would have denied the real vanation ol 
planetary distances. 
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Kuhn, Paradigms, and Astronomy: 

Astronomy as a Case Study of Kuhnian Paradigms 

J. Bruce Brackenridge 



I. Introduction 

Thomas Kuhn's The Structure of Scien- 
tific Revolutions is a small book pub- 
lished in 1962 by a young physicist 
turned historian of science turned philospher 
of science.' In the twenty years following its 
publication it has sold more than half a mil- 
lion copies of its two English editions plus 
translations into eighteen languages. The 
Science Citation Index for 1981 lists nearly 
one hundred articles published in that year 
alone that cite SSR. The Social Science Citation 
Index for the same year lists more than three 
times that amount.^ It has been reviewed in 
a variety of scholarly journals^ and has been 
the subject of a very large number of schol- 
arly articles.* But its scholarly success should 
not imply that it was or is universally ac- 
cepted as a new dogma of "what science is." 
Quite the contrary, it is enthusiastically ac- 
claimed by some, vigorously opposed by 
others, but rarely is it ignored. What is clear, 
however, is that it offers to opponents and 
supporters alike a fresh, incisive, and mean- 
ingful view of the complex activity called 
science. 

Perhaps Kuhn's initial appearance of 
"freshness" came from his lack of profes- 
sional training in the humanities. The work 
was written after he finished his formal 
training in physics and before being indoc- 
trinated into the fonnal language of the his- 
torian and philosopher of science. As one 
reviewer put it, "It is a tribute to the power 
of Kuhn's mind that, instead of grasping 



other's [sic] answers, he created his own." 
Clearly, the scientific activity described and 
the terms employed are familiar to the 

working physicist. In contrast to Popper's 
"falsification" and Lakatos's "competing 
programmes," the average physicist can rec- 
ognize Kuhn's analogy of "normal science" 
with "puzzle solving." His use of "anomaly" 
to identify a particularly difficult puzzle that 
is not yet solved fits into many textbook de- 
scriptions of scientific activity. "Crisis" as a 
state that may be produced by extremely 
persistent anomalies (black-body radiation, 
for example) and the ensuing "scientific rev- 
olution" that bends established rules (Quan- 
tum postulates) are all familiar to the in- 
structor in physics. Even Kuhn's elusive 
concept of a "paradigm" strikes a sympa- 
thetic chord with many physicists, particu- 
larly in the more restricted form of a "set of 
exemplars." 

The comments on Kuhn's work range 
from "brilliant new insights" to a "brilliant 
wrong idea." But brilliant or banal, Kuhn has 
become a factor to deal with for anyone with 
an interest in the structure of science. It may 
be, as some have claimed, that "Kuhn's 
overall idea about science is wrong — and 
many of those who think it is right have 
simply misunderstood it." I shall argue, 
however, that many of those who are most 
vocal in attacking Kuhn have not fuUy un- 
derstood an important aspect of his views. 
In any event, there is ample support for 
reading the work, right or wrong. The review 
in The Chronicle of Higher Education [note 2] 
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concludes with the following appraisal: 
"Across die boant however, professors agree 
that it is invaluable as a textbook, and as a 
starting point for any discussion of the phi- 
losophy of science. . . . Nearly everyone 
agrees that there are countless valuable in- 
sights in his book." 

The goal of science is to create a model of 
the world that scientists can understand. The 
goal of philosophy of science is to create a 
model of science that philosophers can un- 
derstand. It is Kuhn's intent in SSR to offer 
an alternative to the traditional Baconian 
view of science as an inductive process that 
moves from naive facts to sophisticated hy- 
pothesis in some natural fashion. In what 
follows, I neither defend nor attack Kuhn's 
analysis of die structure of science and its 
progress. Nor do I offer any evaluation of it 
except to applaud it as an attempt to give an 
alternative view of the complex activity tiiat 
is science. Rather, I use astronomy as a case 
study to present my views of Kuhn's views 
of progress in science. 

II. The Senses of "Paradigm" 

The key to understanding Kuhn is a bio- 
graphical one. And no one understands it 
better than Kuhn himself. There are constant 
references to "autobiographical information" 
as he attempts to develop his thesis. He was 
first trained as a physicist, and from an anal- 
ysis of diis training he was to gain his first 
original insights for his model of Normal 
Sdence. Then, after completing his Ph.D. in 
physics, he had the opportunity to spend 
three years as a Junior Fellow at the Society 
of Fellows of Harvard University, and it was 
here that, as Kuhn puts it, "James B. Conant 
. . . first introduced me to the history of sci- 
ence and thus . . . initiated the transfor- 
mation in my conception of the nature of 
scientific advance." This interest in the his- 
tory of science gave rise in 1957 to his book 
The Copemican Revolution, and he entered 
the lists of professional philosophers of sci- 



ence in 1962 with the publication of his book 
The Structure of Scientific Revolutions. It is 
because of this precise sequence of interests, 
first a practicing physicist, then a histaiiaii 
of science, and finally a philosopher of sd- 
ence, that Kuhn has been capable of nev>' 
insights generally denied philosophers not 
trained in physics. The price he had to pav, 
however, was that he has had to battle to 
achieve a sense of historical perspective tfiat 
normally is part of the training of the hu- 
manist, but not of the scientist. The final 
combination of these two elements, one 
"obvious" to the trained physicist and the 
other "obvious" to the trained historian, are 
employed by Kuhn in his key concept ot a 
"paradigm." It is at once the solution to and 
the source of the problems that Kuhn faces 
firom his multiple critics. 

The concept of paradigms proved to be the miss- 
ing element I IKuhn] required in order to wnte 
the book [SSR]. . . . Unfortunately, in that process, 
paradigms took on a life (tf their own. . . .Having 
begun simply as exemplary problem solutions 
[that aspect obvious to the physicist], thev ex- 
panded their empire to include first, the classic 
books in which these accepted examples initially 
appeared and, finally, the entire global set ci 
commitments shared by the members of a partic- 
ular scientific community [that aspect obvious to 
the historian]. That more global use of the term 
is the only one most readers of tiie hook, have 
recognized, and tiie inevitable result has been 
confusion. . . . Clearly, I have made unneoessaiy 
difficulties for many readers.^ 

Despite the difficulty inherent in under- 
standing the concept of parad^ms as set 
forth in SSK Kuhn defends their imp>ortance. 
In an essay entitled, "Second Thoughts on 
Paradigm," he states, "However imperfectlv 
1 [Kuhn] understood paradigms when I wrote 
the book, I still think them worth much at- 
tention."* 

The inherent confusion in Kuhn's initial 

discussion of paradigms is set forth in an es- 
say by Margaret Masterman entitled "The 
Nature of a Paradigm," in which she takes 
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' to task Kuhn's multiple use of the word par- 
adigm/ Mastennan's essay was not in the 
nature of a controversial commentary; quite 

' the contreuy, she is very supportive of Kuhn's 
work. In her opening line she stated, "The 
purpose of this paper is to elucidate T. S. 
Kuhn's conceprion of a paradigm; and it is 
written on the assumption that T. S. Kuhn 

' is one of the outstanding philosophers of our 
time/' She admitted, though/ that "Kuhn, of 
course, witii that quasipoetic style of his, 
makes paradigm-elucidation genuinely dif- 
ficult for the superficial reader."^ To dem- 
onstrate the challenge of understanding 
Kuhn's "poetry," she added that "on my 
counting, he uses 'paradigm' in not less than 
twenty-one different senses," and she then 
identified all twenty-one. She then at- 
tempted masterfully to condense all twenty- 
one into three main categories.' 

In a postscript added to his second edition 
of SSK Kuhn refers directly to Masterman's 
analytical index of the different senses in 
which the term"paradigm" is used in the 
body of his text, but he tacitly rejects her 
dassification schemes/" In what may be 
taken to be a masterful understatement he 
claims "that most of the differences [in the 
way in which the term 'paradigm' is used] 
are, I now think, due to stylishc inconsisten- 
cies . . . and they can be eliminated with 
relative ease."'* In this new edition, how- 
ever, he does not attempt that "editorial" 
task of removing tiie "stylistic inconsisten- 
cies" in the body of the essay, but in a post- 
script he does clarify how it could be done. 
But with that editorial work done, Kuhn 
states, "two very different usages of the term 
[paradigm] would remain, and they require 
separaticm. Until the term [paradigm] can be 
freed from its current implications, it will 
avoid confusion to adopt another [term for 
it]."'^ He adopts in fact two new terms, one 
for each of the distinct uses of the term par- 
adigm that he is to identify, the "more global 
use" to be called a "disciplinary matrix" and 
the more restricted use to be called a "set of 



exemplars." It is this global sense of para- 
digm, the disciplinary matrix, that most 
readers have recognized. It is the more re- 
stricted sense, the set of exemplars, that, de- 
spite its primary and concrete nature, has 
escaped most historians and philosophers 
who have commented upon Kuhn's work. 

A. Paradigm AS A "Set OF Exemplars" 

This restricted sense of paradigm is as ob- 
vious to the physicist as it is elusive to the 
humanist. Kuhn's genius was to see how it 
could serve to give insights into the larger 
structure of science. Put very simply, physics 
is what physicists do and physidsts do what 
they are taught to do. Moreover, physicists 
are taught from textbooks. And it was an 
attempt to understand this textbook tradition 
of physics that led Kuhn to his initial insights 
into the entire structure of physics. He de- 
scribed this attempt in his preface to his col- 
lected essays. 

At that time I [Kuhn] conceived normal science 
as the result of a consensus among members of a 
scientific community. Difficulties arose, however, 
when I tried to specify that consensus by enu- 
merating the elements about which members of 
a given community supposedly agree. ... I had 
to attribute to them agreement about the defining 
characteristics of such quasi-theoretical terms as 
'force' and 'mass', or 'mixture' and 'compound'. 
But experience, both as scientist and historian, 
suggested that such defiiutions were seldom 
taught. . . . What 1 finaUy realized early in 1959 
was that no consensus of quite that kind was re- 
quired. If scientists were not taught definitions, 
they were taught standard ways to solve selected 
problems in which terms like force' or com- 
pound' figured. If they accepted a sufficient set 
of these standard examples, they could model 
their own subsequent research on them without 
needing to agree about which set of characteristics 
of these examples made them standard. . . . That 
procedure seemed very close to the one by which 
students of language learn to conjugate verbs and 
decline nouns and adjectives. . . . The usual En- 
glish word for the standard examples employed 
in language teaching is paradigms,' and my ex- 
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tension of that term to standard scientific problems 
like the incHned plane and conical pendulum did 
it no apparent violence. 

The importance of such "standard sets of 
examples" is clear to every instructor in 
physics. When students report that "they 
have read the chapter of their text, under- 
stood it perfectly, but nonetheless had dif- 
ficulty solving the problems at the end of the 
chapter/'** the temptation for the instructor 
is to smile. For it is clear that the "under- 
standing" resides in the ability to produce 
problem solutions, not in the "reading of the 
chapter." One need only look at the typical 
examination in physics to realize that the 
payoff is in the problem repUcation and not 
in the demonstration of having read and tm- 
derstood (in a literal sense) the chapter. And 
it was the realization of how important this 
aspect of the education of the physicist was, 
that led Kuhn to his first use of the word 
"paradigm" (literally, he says it means 
"standard examples"). "[Textbooks] exhibit 
concrete problem solutions that the profes- 
sion has come to accept as paradigms."" 
And in learning to produce such solutions, 
students learn much more than is, or can be, 
stated exphcitly in the chapter. They have to 
learn to "think physically," whatever that 
means. 

Tins central element, however, is de- 
scribed by Kuhn as "the most novd and least 
understood aspect of this book." As an ex- 
ample of one of the few who does under- 
stand what he means by this central element, 
Kuhn points to the work of Wolfgang Steg- 
miiller: 

Though both senses [of paradigm] seem to me 
important, they do need to be distinguished and 
the word paradigm' is appropriate only to the 
first [exemplars]. Qearly 1 have made uimecessary 
difficulties for many readers. . . . Wolfgang 
Stegmtiller has been especially successful in find- 
ing his way through these difficulties He 
discusses three senses of the term, and the second, 
his Class II, captures precisely my original intent 
[exemplars]. 



This dass II is described by Stegmfilkr as 
"the set I of intended applications deter- 
mined by paradigmatic examples."'^ Without 
attempting to develop the careful and com- 
plex analysis of Stegmiiller, which Kuhn ap- 
plauds,'^ 1 wish merely to emphasize that it 
is a "set of exemplars" (plural) that Kuhn 
identifies as capturing his original intent and 
that he stresses the need to distinguish be- 
tween the two "senses" of paradigm. 

An example of one of the many who fail 
to make such a distinction and thus fail to 
understand Kuhn's original intent is a re- 
viewer of The Essential Tension. He claims 
that central to Kuhn is the henneneutic 
problem of understanding scientific docu- 
ments of an earlier period. Further, he daims 
that the implied answer given by Kuhn is as 
follows: 

Basically, and cutting away most of the philo- 
sophical verbiage which Kuhn himself admits to 
be superfluous in his "Second Thoughts on Par- 
adigms", one goes to scientific textbooks of the 
period under study and discovers what the "con- 
sensus" of scientists is on any given matter. Then, 
and only then, can one read a scientific document 
of that period with some security." 

But Kuhn has pointed out that no such verbal 
or formulaic "consensus" is directly articu- 
lated in textbooks (see note 13). The entire 
point of paradigm in the restricted sense (set 
of exemplars) was to speak to the absence 
of such a clear consensus. But the reviewer 
has chosen to ignore such distinctions, and 
he continues throughout the remainder of 
the review to flail away at paradigm as the 
"consensus found in textbooks." The re- 
viewer has failed to understand the impor- 
tance Kuhn places on the role of flie set €j{ 
exemplars in textbooks. 

Why has this "restricted" sense of para- 
digm been so completely overlooked b\ 
Kuhn's commentators? One answer may be 
that they are not teaching introductory sci- 
ence courses and hence are not aware of the 
importance of concrete problem refdication 
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in textbooks of science. It follows that they 
would thus be less likely to grasp the subtle 
sense in which, for Kuhn, the textbook and 
its sets of exemplars (the restricted sense of 
paradigm) reflects the nature of the disci- 
plinary matrix (the global sense of paradigm). 
Put most simply, there are important aspects 
in the teaching and practice of science that 
cannot be articulated literally but that nev- 
ertheless play important roles. Kuhn's failure 
to find a consensus in the descriptive material 
in scientific textbooks led him to his restric- 
tive sense of paradigm, and this discovery 
then led to the more global sense, the dis- 
ciplinary matrix. 

Moreover, Kuhn may still be guilty in his 
postscript of the "stylistic inconsistencies" 
that he acknowledges in his original essay. 
Further confusion concerning the term "ex- 
emplar" occurs when it is seen to be a single 
major work (such as Newton's Principia) or 
as a single problem solution (such as the 
planetary ellipses. Proposition XI, Book I) 
after which all other solutions are somehow 
imperfectly modeled (see footnote 13). And 
Kuhn's rather indiscriminate use of the sin- 
gular and plural forms of paradigm for "ex- 
emplars" or for "sets of exemplars" adds to 
this confusion. In his attempt to eliminate 
"stylistic inconsistencies" he would have 
been well advised to be consistent in iden- 
tifying the central element of the disciplinary 
matrix by a single phrase, and I suggest that 
'set of exemplars" would be most appro- 
priate. 

B. Paradigm as a "Discipunary Matrix" 

If the more restricted sense of paradigm 
set of exemplars) came from Kuhn's initial 
raining as a physicist, then this more global 
;ense (disciplinary matrix) came from his 
;ubsequent training as a historian. As an- 
)ther reviewer of Kuhn's collected essays 
?uts it: 

3ne of the more striking aspects of Kuhn's work 
s how much of it is shaped by his early experi- 



ences as a practising historian of science. What 
we find above all is the influence of his discovery 
in 1947 of "the connected rudiments of an alter- 
native way of reading (historical) texts," according 
to which in order to understand why, say, Aris- 
totelian physicists said what they did, it is nec- 
essary "to some extent (to leam) to think like one" 
(p. xi and p. xii). This discovery which — as Kuhn 
himself notes (p. xiii) — is commonplace among 
historians, was for him nothing short of "decisive" 
(p. xii), influencing many of his views about the 
correct way of practising history of science, the 
origins of modem science and the nature of sci- 
entific change.^" 

In order to "think like" an Aristotelian 
physicist, the historian of science must 
somehow be able to shift from his contem- 
porary world view to that of the Aristotelian, 
or at least to be aware of and responsive to 
such differences. It is not part of the training 
of the contemporary physicist to be aware 
that such differences exist and are imix)rtant. 
Quite the contrary, modem textbooks in 
physics, Kuhn would claim, are written to 
obscure such differences and to ascribe to 
the discipline a linear development. Primary 
sources such as Newton's Principia are not 
read (for the work is, in fact, quite incom- 
prehensible to a contemporary physicist). 
Instead, the textbook presents the material 
in the most efficient way and gives the source 
credit for what it "should" have said. It rarely 
seems important in understanding contem- 
porary science to try to "think like" Newton, 
much less like Aristotle. It was as a historian, 
however, in the attempt to understand such 
world views, i.e., such global sets of com- 
mitments, that Kuhn was led to his concep- 
tion of the larger sense of paradigm, the dis- 
ciplinary matrix. 

If the problem of understanding Kuhn's 
original meaning for paradigm as "a set of 
exemplars" is that it is so restrictive, then the 
problem of understanding his meaning for 
paradigm as "a disciplinary matrix" is that 
it is so global. It is called " 'disciplinary' be- 
cause it refers to the common possession of 
the practitioners of a particular discipline; 
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'matrix' because it is composed of ordered 

elements of various sorts, each requiring 
further specification." Kuhn gives three of 
the "ordered elements" of the matrix: (1) 
symbolic generalization, (2) metaphysical 
parts, and (3) shared values. This listing does 
not constitute "ein exhaustive list/' however, 
but contains simply "the main sorts of com- 
ponents of a disciplinary matrix." Further, 
these elements "require further specifica- 
tion" and perhaps may themselves contain 
subsections. 

It is essential to note the correspondence 
between paradigm as a set of exemplars and 
paradigm as a disciplinary matrix relative to 
their intrinsic inability to be fully articulated. 
Just as it is impossible to artiailate all the 
elements of the disciplinary matrix or even 
to spell out in complete detail any given ele- 
ment, so it is impossible within a chapter of 
a textbook to articulate all that is essential to 
understanding the topic under discussion. 
One must rely on the set of exemplars that 
appears as problem sets at the end of the 
chapter to communicate by example tfiat 
which cannot be literally articulated. 

C. Paradigm AS A Matrix Element 

Kuhn is thus hopeful that he will have 
eliminated much of the confiiaon and un- 
necessary difficulties that arise for many 
readers concerning the meaning of "para- 
digm" by distinguishing between the two 
senses of the term: "sets of exemplars" and 
"disciplinary matrix." Unfortunately, in SSR 
Kuhn also refers to a third item as a "para- 
digm": a single element of a disciplinary 
matrix otiher ttian ti^e unique central element 
that is the set of exemplars. These references 
occur in the original edition, before the dis- 
tinction between exemplars and a matrix is 
made, thus one can understand the source 
of the additional confusion. Nevertheless, 
the reader has in fact three choices for the 
term "paradigm" each time it appears in the 
body of the original text, and the choice can 



be made rnily within the context a gjiven 
usage. But a choice must be made if confu- 
sion is to be avcnded.^^ 

Matrix Elements 

There is, however, still more to be gained 
from further inspection of the individual 
elements of the disciplinary matrix that Kuhn 
discusses. Clearly these are examples of ele- 
ments that can be articulated, and as such 
they are dosely affiliated witfi the "rules" 
that guide scientific behavior. It is iitstructive 
to look more dosely at the tfiree elements of 
the disciplinary matrix given by Kuhn aiKi 
then at his examples of the "rules" that can 
be abstracted from them. 

I. Symbolic generalizations: The first ele- 
ment of the matrix that is identified is labeled 
"sjmibolic generalizations" and Newton's 
second law, f = ma, is given as a prime ex- 
ample.^^ Two functions of this element are 
given to indicate the kind of "further spec- 
ification" that is useful. First, "these gener- 
alizations look like laws of nature": that is, 
they tell something about the behavior of 
defined symbols. But they "simultaneously 
serve a second function ... as definitions 
of some of the symbols they deploy." 

II. Metaphysical parts: The second element 
of the matrix can be called "metaphysical 
parts," or at least, Kuhn daims, tiuit is the 
rubric that has been used by conunentatois 
on his work.^^ He describes these shared 
commitments as "beliefs in particular mod- 
els" and gives as one of a number of ex- 
amples the belief that "all perceptible 
phenomena are due to the interaction of 
qualitatively neutral atoms in tfie void, or. 
{dtematively, to matter and force, or to 
fields." 

ni. Shared values: The third element of tiie 
matrix is described as "shared values."** This 

element, like all elements in a particular ma- 
trix, is shared by members of the discipline- 
But, according to Kuhn, particular values are 
more often shared by different disciplines 
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than are either symbolic generalizations or 
models. A prime example might be "values 
held concerning predictions: they should be 
accurate; quantitative predictions are pref- 
erable to qualitative ones/' etc. 

Rules and Matrix Elements 

Further insight into what Kuhn means by 
the disciplinary matrix can be obtained from 
his discussion of "rules/' a term whose re- 
lationship to normal science and paradigms 
is the topic of two chapters in SSR. "Rules" 
are defined as "isolable elements, explicit or 
implicit, [that] members of the community 
may have abstracted from their more global 
paradigms."" In tenns of die previous dis- 
cussion of disciplinary matiiXf rules are those 
portions of the disciplinary matrix that can 
be literally articulated. 

The first category of rules is identified as 
"generalizations" and stems directly from 
the element of the disciplinary matrix called 
"symbolic generalization/'^* Newton's sec- 
ond law appears as the example in both de- 
scriptions. The second categ^ny of rules is 
entitled "quasi-metaphysical commitments" 
and is direcdy related to the element of the 
disciplinary matrix called "metaphysical 
parts "^^ The third category of rules listed by 
Kuhn entails "still a higher level . . . a set 
of commitments without which no man is a 
scientist."" This set of rules is related to the 
tihird element of ttie disdplinaiy matrix called 
"shared values" and it is important since it 
is this matrix element that appears to survive 
during revolutions from one paradigm to 
another. 

Kuhn further provides a fourth category 
of rules and it indicates a fourth element of 
the disciplinary matrix. At a lower and more 
concrete level than "symbolic generaliza- 
tions/' there exists in Kuhn's categorizing of 
rules a commitment to preferred types of in- 
strumentation and to the ways in which ac- 
cepted instruments may be legitimately em- 
ployed.^' The corresponding element of the 



disciplinary matrix could be called "instru- 
mental commitments." 

One could go on, as Kuhn has indicated, 
filling out matrix elements in a very ^neral 

way, perhaps some even as diffuse as "po- 
litical commitments." Regardless of how 
carefully one attempted to set forth such ele- 
ments, however, some could not be articu- 
lated. Just as the sdmtist as educator must 
rely on tiie sets of exemplars to communicate 
aspects of science that cannot be written 
down in the textbook, so the scientist as re- 
searcher must rely on rules that cannot be 
fully articulated to guide research and be- 
havior. 

III. Astronomy as a "Constellation 
OF Group Commitment" 

One could continue to try to expand the 
disciplinary matrix by seeking out other 
general examples of elements. It is more 
productive, however, to select a given sci- 
entific discipline and to inspect it for the 
given Kuhnian elements. A logical choice for 
Uie case study is astronomy. In a 1976 essay 
entitled "Mathematical versus Experimen- 
tal Traditions," Kuhn asks the question, 
"Among the large number of topics now in- 
cluded in the physical sciences, which ones 
were already in antiquity foci for the con- 
tinuing activity of specialists? The list is ex- 
tremely short. Astronomy is its oldest and 
most developed component."^ The other 
"classical" sciences on his short list indude 
only statics and optics. The other areas that 
we now designate as physical sdences arose 
during the seventeenth century and Kuhn 
refers to them as the "Baconian" or "Exper- 
imental" sdences. Thus, because of its long 
history, and because it lends itsdf most easily 
to Kuhn's analysis (see Stegmtiller, note 17 
and 18), astronomy is selected as the case 
study. It played such a role for Kuhn, since 
he published The Copemican Revolution only 
five years before he published SSR. 

The history of planetary astronomy may 
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be divided into three major areas: Babylonian 
arithmetical astronomy, Greek geometrical 
astronomy, and Newtonian analytical as- 
tronomy. It is useful to concentrate upon a 
specific problem, such as the analysis of the 
motion of the planet Mars. The general 
problem of planetary motion was the single 
most important topic in astronomy from ttie 
nineteenth century B.C. to ttie nineteenth 
century a.d. The solution to the specific 
problem of the description of the motion of 
Mars, in fact, was the watershed between 
Greek geometrical and Newtonian analytical 
astronomy. 

This third and final section explores the 
correspondence between the specific prac- 
tices of astronomy in a given period and 
Kuhn's definition of the general structure of 
science. The three redefinitions of paradigm 
(set of exemplars, disciplinary matrix, and 
individual matrix elements) will be eluci- 
dated by sp>edfic and detailed examples, and 
Kuhn's use of "anomaly" and "counter- 
instance" will be explicated. 

In terms of Kuhn's analogy of normal sci- 
ence as a puzzle-solving activity, an anomaly 
is a puzzle that science has not yet been able 
to solve, but one that it expects to solve. Until 
such a solution is found, the scientist must 
face "the recognition that nature has some- 
how violated the paradigm-induced expec- 
tations that govern normal science."^* A 
counterinstance in the vocabulary of philos- 
ophy of science is an anomaly.^^ For the phi- 
losopher it is an example of an item that is 
counter "to a prevalent epistemological the- 
ory."" But "normal" scientists do not 
treat anomalies as counterinstances.^* What 
"normal" scientists will do, however, is to 
"devise numerous articulations and ad hoc 
modifications of their theory [elements of 
tiheir disciplinary matrix] in order to eliminate 
any apparent conflict."^' The anomaly is seen 
by scientists as a counterinstance only when 
all such paradigmatic adjustments fail and 
when a solution is found that requires a ma- 
jor revision in the rules of puzzle-solving. 



i.e., that which Kuhn calls a revolutlcm or 
paradigm-switdi. A major anomaly for as- 
tronomers before the eighteenth century was 
the puzzle that was the description of the 
motion of the planet Mars. The mandated 
major revision of the rules required astron- 
omers to set aside the belief that the motion 
of planets could be described only by com- 
biriations of perfect drdes. This puzzle was 
fiiudly solved by Newton in 1687 when he 
was able to derive Kepler's planetary dO^pse 
of 1609. 

By the early eighteenth century, Western 
astronomy was centered about a single work, 
The Principia of Sir Isaac Newton, just as 
western astronomy before the seventeenth 
century was centered on another single 
work. The Almagest of Ptolemy. Kuhn daims 
that before the time of scientific textbooks 
and journals, such classic works functioned 
in their stead "to attract an enduring group 
of adherents away from competing modes 
of scientific activity [and] ... to leave all 
sorts of problems for the redefined group of 
practitioners to resolve."^ Kuhn thai goes 
on to say that "achievements that share these 
two characteristics I shall henceforth refer to 
as 'paradigms'. "^^ It is clear now from the 
postscript in the second edition of SSR that 
the concrete problem-solutions within each 
work are the paradigm in the restricted sense 
(now called a "set of exemplars"), and for- 
tiier that the symbolic generalizations, mod- 
els, and values, along with all other shared 
commitments that the work reveals, are also 
the paradigm in the global sense (now called 
the "disciphnary matrix"). There are many 
case studies that could be selected but as- 
tronomy is of particular interest because a 
single dominant source does exist for astron- 
omy in each of two widely separated periods 
of scientific activity. 

A. Newtonian AfMLYTiCAL Astronomy 

Newtonian analytical astronomy provides 
a clear example of what Kuhn means by a 
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disciplinary matrix. The central element of 
this disciplinary matrix of the "enduring 
group of adherents" attracted to astronomy 
by the Principia is the Kuhnian set of ex- 
emplars that are to be found in the problems, 
answers, and demonstrations contained 
within this work. The Principia is, in fact, 
almost entirely a collection of specific {nob- 
lems and specific methods for obtaining their 
specific solutions. There is an introduction 
of 19 pages containing definitions and laws 
of motion, followed by the 245 pages of 
Books I and 11, containing 58 problems and 
their detailed solutions and 91 theorems and 
their proofs. Book m opens with two pages 
of rules of reasoning and doses with two 
pages of a general scholium, but the inter- 
vening 97 pages contain 22 problems and 
their solutions, 20 theorems and their proofs, 
and six statements on phenomena. The road 
to articulation of Newtonian astronomy is 
clear. Begin at the center of the disciplinary 
matrix with the concrete problem solutions 
in the Principia that constitute the basic set 
of exemplars and then attempt to articulate 
as many of the other elements of the disci- 
plinary matrix as possible. In what follows, 
one particular concrete problem solution, the 
motion of the planet Mars, is selected and 
Newton's solution is analyzed in three steps. 

The Central Element: The "Set 
of Exemplars" 

The first step addresses the general prob- 
lem of the idealized motion of any single 
isolated planet about a fixed sun. Newton 
assumed that the motion of such an ideal 
planet will be an ellipse with the sun located 
at one focus. Further the planet will move 
at a rate such that a line drawn from the sun 
at the focus of the ellipse to the planet mov- 
ing on the curve of the ellipse will sweep out 
equal areas in equal times. Such planetary 
motion has been demonstrated by Kepler to 
be valid for Mars within certain carefully 
prescribed limits. From this knowledge of the 



path and rate of the hypothetical planet, 
Newton derived the nature of the force that 
must exist between the sun and the planet. 
Employed in this analysis is an embryonic 
form of the relationship f = ma, which is to 
become known as Newton's Second Law.^* 
It is this relationship in concert with New- 
ton's Law of Univeisal Gravitation that is to 
supply the method of analysis for centuries 
to come. Kepler used Tycho Brahe's astro- 
nomical data to arrive at two of his empirical 
laws of planetary motion in his New Astron- 
omy. Newton used his Second Law of Motion 
(f = ma) and his presumption of a Universal 
Law of Gravitation to derive the explicit 
mathematical nature of the gravitational 
force. 

The second step in the solution is to ex- 
pand the scope of the problem to include the 
effect of other bodies: i.e., the simultaneous 
effect of the sun and other planets on the 
motion of the planet in question. It is an at- 
tempt to make the initial ideal problem (a 
sin^e planet about a single force center) 
conform more closely to the actual problem. 
The solution by Newton in the Principia does 
not directly apply gravitational theory and 
the new calculus in the exact form employed 
by the Newtonians to follow. Nevertheless, 
Newton's solution provides the model. 

In the third and final step, the result must 
be compared to the actual values of obser- 
vation and, given theoretical and experi- 
mental limitations, it must be judged in light 
of the match between the predicted and ob- 
served values. In insisting on such a careful 
match between astronomical predictions and 
observations, Newton carries on a long es- 
tablished tradition. 

The Extended Disciplinary Matrix 

I. Symbolic generalizations: But Kuhn ar- 
gues that such concrete problem-solutions 
reveal more than just how-to-do-it. Careful 
inspection of the set of exemplars reveals 
evidence of other elements of the disdplinaxy 
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matrix. The particular application of the 
gravitational force represents a special case 
of the "f" in Newton's second law, f = ma, 
and the mass of the planet is the "m" in the 
law. The acceleration is represented by "d!' 
and mathematical methods exist for getting 
from it to knowledge of the path of "m" in 
space and time. This law is an example, Kuhn 
tells us, of the element of the disciplinary 
matrix that he calls a "symbolic generaliza- 
tion." These generalizations look like laws 
of nature but they serve a wider function. 
Kuhn claims that "they function in part as 
laws but also in part as definitions of some 
of the symbols they employ."^' It is this sec- 
ond function that undergoes a change in a 
"revolution" and thus permits the formal 
expression of the law to remain unchanged. 

II. Metaphysical parts: One should also 
find traces of commitment to the element of 
the disciplinary matrix called the "meta- 
physical parts"; i.e., to belief in items that 
have to do with the essential nature of reality 
and as such are beyond direct physical dem- 
onstration. Kuhn gives as an example the 
belief in matter and force.^° Immediately 
upon the publication of the Principia, and 
for some time following, there was consid- 
erable controversy over tiie existence of such 
an "occult" thing as a gravitational force that 
mysteriously reached out over enormous 
celestial distances to act on bodies. But as 
early as the second edition of the Principia 
in 1713, the editor of the preface placed such 
objections outside the realm of science. He 
stated, "Therefore gravity can by no means 
be called an occult cause of the celestial mo- 
tions, because it is plain from the phenomena 
that such a power does really exist."^^ What 
is plain, however, is that if one believes that 
force exists and if one learns to use force the 
way Newton used it in the Principia, then 
one can solve problems that one's colleagues 
will agree are important. So good Newtonian 
astronomers must not waste time arguing 
about such questions as the existence of 
forces in general, or of gravitational forces 



in particular, for it is obvious from the tre- 
mendous success of the Principia that force 
does exist. To this belief in the existence of 
gravitational force, one can also add a belief 
in its universality. It has the same nature on 
die moon and on Mars as it has on eartH 
even though no one had ever been to the 
moon or to Mars. Newtonian astronooReis 
also believe that planets move about the sun 
and not about the earth. The belief is so uni- 
versal, however, that Newton did not even 
raise this once controversial question in the 
Principia. All Newtonian astronomers know 
that the sun is fixed, even tiiough the rdative 
motion of Mars to earth would be the same 
if tile earth were stationary and the sun 
moved with Mars revolving about it. 

III. Shared values: Finally, the nature of 
the solution to the problem of Mars given in 
the set of exemplars in the Principia should 
reveal traces of the element of the discif^- 
ary matrix that Kuhn calls "shared values." 
As an example, he suggests that "probably 
the most deeply held values concern predic- 
tions: they should be accurate; [and] quan- 
titative predictions are preferable to quali- 
tative ones."*^ Book III of the Principia 
demonstrates clearly that Newtonian as- 
tronomy is devoted to fitting expaimental 
evidence to the quantitative theoretical pre- 
dictions of Books I and II. 

B. Greek GEOMBTiocAL AsriKONOMY 

The Kuhnian disciplinary matrix called 
Ptolemaic astronomy is to be defined by the 
activities of the enduring group of adherents 
attracted to astronomy by the Greek astron- 
omer Ptolemy, in his Almagest, and its 
Kuhnian set of exemplars are to be found in 
the problems, answers, and demonstrations 
contained within this work.*' The Almagest, 
like the Principia, is particularly well-suited 
to supplying exemplars. After the first few 
descriptive pages of Book I, it ccmtinues on 
for another 400 or 500 pages of demonstra- 
tions, problems, and solutions. As Newton's 
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Principia served astronomy through the 
eighteenth and nineteenth centuries, so Pto- 
lemy's Almagest served astronomers from ttie 
second century a.d. until the seventeenth 
century. Kepler, in fact, comments that Co- 
pernicus would have been well advised to 
spend less time looking at Ptolemy and more 
time looking at the heavens. 

To parallel the discussion of Newtonian 
astronomy, one should here present the 
sample solution from the Ptolemaic set of 
exemplars and then identify in it the other 
elements of the disciplinary matrix suggested 
by Kuhn. The reason that this approach 
worked so well for the Principia (assuming 
that it did) was that we live in a Newtonian 
world and are already familiar with elements 
such as a belief in mass and force ttiat surface 
naturally from the example (after all, it is 
obuwus tfuit mass and force exist). What must 
be done with Ptolemaic astronomy is just the 
reverse: first identify the metaphysical prin- 
ciples that were obvious for both Ptolemy 
and all western astronomers from the fourth 
century B.C. until the sixteenth century a.d.; 
and second, inspect the set of exemplars to 
discern the influence of these principles. 



There are three clearly discernible meta- 
physical principles in Greek astronomy. 

Metaphysical Principles 

The first metaphysical principle is the be- 
lief in GEOCENTRiciTY: the earth is stationary 
and it is in the center of the universe. This 
view has a great appeal to ''common sense/' 
although a moving earth did occur in the 
Pythagorian celestial scheme. Ptolemy dis- 
cusses this question in Book I and argues that 
everything points to a static central earth. 

The second metaphysical principle is the 
belief in celestial circularity: celestial bod- 
ies move in combinations of perfect circles. 
It may not have the same current common 
sense appeal as geocentridty but its source 
is one of great authority: Plato. In Plato's 
Timaeus, the world is described in terms of 
form and copy. Form having been previously 
defined in the Republic, it is clear in what 
sense the physical world is a copy. A partic- 
ularly interesting question thus arises con- 
cerning the nature of time. Forms of course 
are eternal, unchanging, and timeless. What 
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then is the copy of eternity in this world of 
change? Plato tells us that "Time is the mov- 
ing image of eternity." The movement that 
mirrors eternity must reflect the endlessness 
and uniformity of eternity. Such endless 
motion exists only in the circularity of celes- 
tial motion. There is no beginning or end to 
the drcle jtist as there is no beginning or end 
of celestial motion. The fixed stars clearly 
move in endless and uniform circles and they 
are the celestial clocks that are the copy of 
the eternity of the forms. Is this Platonic de- 
fense of celestial circularity stronger than that 
of the Newtonian defense of the existence 
of force? The answer to such a question is 
irrelevant. The essential point is that it was 
everywhere the common consensus among 
astronomers. It is obvious that celestial mo- 
tion must be circular. That the planets appear 
to move in a more complicated fashion does 
not disturb this conviction of circularity. 
Rather, Plato sets the challenge to seek out 
the set of circular motions, which will, when 
properly combined, "save the phenomena." 
In Kuhn's terms, Ptolemaic astronomy was 
"sufficiently open-ended to leave all sorts of 
problems for its practitioners to resolve." 

The third and final metaphysical principle 
is the belief in the lunar dichotomy: the clear 
physical separation between the unchanging 
heavens above the lunar sphere and the 
changing world below. It also has a very au- 
thoritative source: Aristotle. He agrees witii 
Plato on the existence of forms, except that 
Aristotle would not have them exist beyond 
the world but rather would have them made 
manifest in matter. Aristotle separates the 
universe into two distinct parts: that which 
lies above the lunar sphere {i.e., the sphere 
generated by the radius of the moon's motion 
about the earth), and that which lies below 
the lunar sphere. Here below, one finds the 
basic elements of air, earth, fire, and water, 
which can change one into the other. Here 
is generation and corruption: i.e., things come 
into being and they pass away. Above the 
lunar sphere, however, exists a fifth element 



called "aether" that is perfect and un- 
changeable. On the one hand, comets must 
lie below the lunar sphere, for they come 
into being and pass away. On the other 
hand, planets and stars must lie above it be- 
cause they are indestructible. This lunar ch- 
chotomy was a common consensus of Pto- 
lemaic astronomers. 

Set of Exemplars 

It remains, therefore, to see how the set 
of exemplars in the Almagest reveals the 
implicit acceptance of these tihree meta- 
physical principles. The nature of tiie sfAu- 
tion to the problem of the motion of Mais is 
indicated in figure 1, which is from a modem 
text but is faithful to the Almagest. The planet 
itself moves uniformly around a small circle 
called an epicycle. The center of the epicycle 
in turn moves about a largo* dide called a 
deferent. Note, however, ttiat die eaitii is 
not at the center of the larger drde, but is 
eccentric to it. This eccentric position of the 
earth is not a violation of geocentricity be- 
cause it can be shown that the eccentricity 
can be replaced by adding yet another epi- 
cycle with the earth at the actual center. Thus 
the eccentric earth is only a convenience, not 
a necessity. The critical item to notice, how- 
ever, is ttie equant point. This device is Pto- 
lemy's unique contribution to tfie analytical 
devices of Greek astronomy. What it does is 
to separate the motion of the center of the 
epicycle into two distinct parts: one of cir- 
cularity and one of uniformity. In Kuhn's 
terms, this is an "ad hoc adjustment of a 
prevalent epistemolog^cal tfieory" to dimi- 
nate the apparent conflict between Oie ob- 
served motion of Mars and the predicted re- 
sults that are possible with existing devices: 
i.e., epicycles without equants. To make the 
data fit, Ptolemy needs the equant. The 
equant violates the pure rule of combined 
uxiiform circular motion of Plato. Thus the 
rule must be modified to ttie extent ttiat ttie 
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circularity and uniformity are at least sepa- 
rated (but not discarded). 

These Ptolemaic devices are capable of 
treating the very elliptical motion of Mercury 

as well as the more circular motion of Mars. 
For Mercury, the center of the deferent itself 
moves in a circle about a point that is neither 
the equant point, nor the earth. The net result 
is that the effective deferent is an oval. In 
fact. Mercury is difficult to observe because 
of its constant proximity to tiie sun. Thus the 
Ptolemaic oval is in no way an empirical 
forerunner of the Keplerian ellipse. Nev- 
ertheless, it does display the versatility of the 
Ptolemaic model. To any earlier astronomer 
who may have been tempted to blame the 
metaphysical presumption of circularity for 
his faihue to handle such problems, Ptolemy 
might have correcdy admonished him by 
saying, "It's a poor carpenter who blames 
his tools." 

Other Elements of the 
Disciplinary Matrix 

What then of the other elements of tiie 
disciplinary matrix that Kuhn has identified? 
It is of interest to find in Ptolemaic astronomy 

a symbolic generalization comparable to 
Newton's second law, f = ma. For Ptolemaic 
astronomy, the symbolic generalizations are 
the circular and uniform elements of epicy- 
cles, eccentrics, and equants that provide the 
basic tools of analysis for astronomers from 
the second to the seventeenth century. They 
express simultaneously the law of celestial 
motion and the definition of what it is, i.e., 
circular, in the same way that f = ma ex- 
presses a law and a definition. 

As for the last element, shared values, one 
need only restate the value on predictions 
given for Newtonian astronomy. The Al- 
magest is as concerned with theoretical 
quantitative predictions and their fit to ob- 
servational data as is the Principia. For Pto- 
lemy, the experimental error is typically 10 
minutes of arc or more, while for Newton, 



it is typically 2 minutes of arc or less, but 
both share the same concern for the fit of 
theory and observation. That both of the 
disciplinary matrices have a common shared 

element is not in violation of Kuhn's view 
of science. In fact, he suggests that values of 
this sort often survive the revolutions.** 

C. The KuHNiAN Astronomical Revolution 

Thus far the discussion has been con- 
cerned with the Newtonian disciplinary ma- 
trix that was established in the eighteenth 
century and the Ptolemaic disciplinary ma- 
trix that remained unchallenged until the 
middle of the sixteenth century. It remains, 
therefore, to look at this centuiy and a half 
of transition that justly deserves the title of 
"revolution." In The Structure of Scientific 
Revolutions, Kuhn describes the character- 
istics that such revolutions must share. The 
sense of Kuhn's scientific revolution is close 
to what is commonly understood by a polit- 
ical revolution, and Kuhn uses this analogy: 
"Like the choice between competing pditkial 
institutions, that between competing para- 
digms proves to be a choice between incom- 
patible modes of community life."*^ Thus the 
Kuhnian scientific revolution calls for a 
switch in paradigms, used in the universal 
sense of disciplinary matrices, just as political 
revolutions call for a switch in political in- 
stitutions. Moreover, Kuhn sets out the two 
essential characteristics of a classic work that 
is to serve as a paradigm in the limited sense 
of sets of exemplars. 

Their achievement was suffidently unprecedented 
to attract an enduring group of adherents away 
from competing modes of scientific activity. Si- 
multaneously, it was sufficiently open-minded to 
leave aU sorts of problems for the redefined group 
of practitioneis to resolve. . . . Achievements that 
share these two characteristics, I shall henceforth 
refer to as a 'paradigm'.** 

Without these two 'bandwagon' character- 
istics there can be no new paradigm, and 
hence no Kuhnian revolution. 
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Thus Copemicus's Concerning the Revo- 
lutions of the Celestial Spheres cannot serve, 
in Kuhn's terms, as the central set of exem- 
plars in a new disciplinary matrix, i.e., no 
paradigm switch or 'revolution' has taken 
place. Quite clearly there has been a dramatic 
personal conversion for Copernicus, but a 
revolution requires community participation. 
The Kuhnian test for identifying a central 
element in a new disciplinary matrix requires 
that it share the two essential characteristics 
of the 'bandwagon effect,' and here it falls 
short. One can name a number of astron- 
omers in Germany, England, and Italy who 
supported Copemicus's work. But it never 
had the following ttiat was enjoyed by the 
Almagest before it nor the Principia after it. 

One is also faced with the problem that 
arose even in the anonymous preface of 
Concerning the Revolutions of the Celestial 
Spheres; i.e., is the motion of the earth merely 
a mathematical convenience or does it rep- 
resent a physical fact? The basis of the ar- 
gument was laid in antiquity in the Platonic 
charge of "saving the appearances" and 
continued to be a vital question through the 
trial of Galileo in the early seventeenth cen- 
tury. Thus even those who praised the work 
and used it, may have done so with major 
reservations concerning the basic premise of 
a fixed sun and a moving earth. The historian 
J. L. E. Dreyer discusses the reception given 
it by the German astronomer Erasmus Rein- 
hold, who had hailed Copemicus's work as 
opening a new era and who had prepared 
new tables of celestial motion, the Pnitenic 
Tables, based on the analysis and constants 
of Concerning the Revolutions of the Celestial 
Spheres. Because of the lack of new and de- 
pendable observations, the tables were not 
a great improvement over the Alfonsine Ta- 
bles that they replaced. Nevertheless, they 
represented a step forward. But, Dreyer 
claims, all of this could have been done 
without a fundamental conversion: "There 
was no occasion for Reinhold to make a 
confession of scientific faith, and he gave no 



hint to whether Uie system of Copernicus 
was ttie physically true one or not"*^ 

Elsewhere in Germany, there were other 
astronomers who supported Copernicus. 
Most notable was Michael Maestlin of Tub- 
ingen University, who was to be the mentor 
of the great Kepler. But it was not widely 
adopted by sixteenth-century astronomeis 
and despite its fundamental re-orientation 
of the basic framework of mathematical as- 
tronomical calculations, it does not qualify, 
in a Kuhnian sense as a paradigm shift, i.e., 
as an astronomical revolution. Neugebauer 
attributes whatever revolutionary flavor the 
work has to modem hindsi^t and maintains 
that as it stood, it simply perpetuated the 
Ptolemaic system. 

Modem historians, making ample use of the 
advantage of hindsight, stress the revolutionary 
significance of the heliocentric system and the 
amplifications it had introduced. In fact, the actual 
computation of planetary position was exactly the 
ancient pattern and the results are the sanne. The 
Copemican solar theory is definitely a step in the 
wrong direction for the actual OHnputation as wefl 
as for the underlying cinematic concepts. The 
cinematically elegant idea of secondary epicycles 
for the lunar theory and as a substitute for the 
equant . . . does not omtribute to make the 
planetary phenomena easier to visualize. Had it 
not been for Tycho Brahe and Kepler, the Coper- 
nican system would have contributed to the per- 
petuation of the Ptolemaic system in a sUghtly 
more complicated form but more pleasing to phi- 
losophical minds.** 

But revolutions, scientific, political, or 
Kuhnian, are never represented by a single 
work or event. Rather, they take place over 
an extended period of time. The historian 
Crane Brinton offers a model for political 
revolution in his book Anatomy of Revolutunt 
He identifies four stages that are of in^xv- 
tance. The first he calls the "Old Regime," 
which is a period of increasing unrest. The 
second he calls the "Honeymoon Stage" and 
it is the rule of the moderates or the calm 
before the storm. The third stage is the 
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"Accession of the Extremists" and here 
Brinton discusses the reign of terror and the 
reshaping of society. The fourth and final 
stage he calls "Thermidor" or the calm and 
euphoria after the storm. This model works 
well for Brinton for the French Revolution 
but less well for the others, i.e., the Ameri- 
can, the Russian, and the British industrial 
revolution. Nevertheless, it will serve, how- 
ever imperfectly, to delineate the steps of the 
astronomical revolution viewed from the 
vantage point of Kuhn's structure. Kuhn 
himself is fully aware of the extended nature 
of revolutions. In the concluding chapters of 
his earlier work. The Copemican Revolution, 
he discusses a larger revolution in science 
and cosmology that he calls the Newtonian 
revolution. This larger revolution is one 
"which began with Copernicus and through 
which the Copemican Revolution was at last 
completed."** Thus for Kuhn Ae Newtonian 
revolution extends beyond the limits of an 
astronomical revoluticm and results in the 
eighteenth century's vision of a "Newtonian 
world machine." The more limited astron- 
omical revolution has, for Kuhn, an earlier 
terminus. "In so far as the Copemican Rev- 
olution was a revolution in astronomical 
thought, its story ends here [the close of the 
seventeenth century]."*" 

Thus the astronomical revolution that 
provides the transition from the Aristotelian 
world view, as reflected in the Almagest, to 
the Newtonian world view, as reflected in 
the Principia, takes place over an extended 
period of neariy one hundred and fifty years. 
I have selected three published classic wcnics 
that can serve as guides through this period. 
They cannot serve individually as the central 
element of a disciplinary matrix in the same 
sense as the Almagest and the Principia, for 
there are no "enduring group of adherents ' 
for whom they serve as a source of a set of 
exemplars. They can, however, be identified 
in Brinton's terms with various stages of the 
revolution. Moreover, it is possible to identify 
witfi each work a change of one of the three 



metaphysical parts identified in tiie previous 
discussion of Ptolemaic astronomy. Clearly 
the development of astronomy in this critical 
period of intellectual flux is much more 
complicated than such a simplified analysis 
implies. But hopefully it serves to make dear 
in broad strokes what is implied in Kuhn's 
description of scientific progress. 

All historians of science would consider 
the following three works as critical: (1) Co- 
pemicus's Concerning the Revolutions of the 
Celestial Spheres, published in 1543, (2) Kep- 
ler's The New Astronomy, an analysis of the 
motion of Mars, published in 1609, (3) and 
Galileo's The Starry Messenger, a report of 
his telescopic observations, published in 
1610. Each of these works is a classic in itself, 
as fully deserving of that tifle as the Almagest 
and the Principia. Each plays a vital role in 
the revolution, but it is not until the Principia 
has been accepted as the central set of ex- 
emplars that the revolution is complete. I 
shsdl argue in Brinton's terms that Coper- 
nicus plays the role of the moderates in re- 
sponding to the unrest surrounding the "Old 
Regime" of the Almagest, that Kepler, Gali- 
leo, and Newton represent the "Accession 
of Extremists" who reshape the society, and 
that the eighteenth century is the "Thermi- 
dor," the calm and euphoria after the storm. 
In Kuhn's terms it is possible in a simplified 
fashion to identify an anomaly in the sense 
of an unsolved puzzle that served as a focus 
of interest for each of these works: the 
"anomaly" that represents Copernicus is 
ttieoretical in origin, the "anomaly" that 
represents Kepler is experimental in origin, 
and the "anomaly" that represents Galileo 
is instrumental in origin. 

Copernicus and "Geocentricity" 

Two important central chapters of SSR are 
entitled "Anomaly and the Emergence of 
Scientific Discoveries" and "Crisis and the 
Emergence of Scientific Theories." In each 
Kuhn gives three examples: the discoveries 
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of oxygen, x-rays, and the Leyden jar are 
solutions to the puzzles that were the anom- 
alies; the theories of Copemican astronomy, 
eighteenth-century chemistry, and Max- 
well's electromagnetism are the response to 
the crisis faced by astronomy, chemistry, and 
physics in the fifteenth, eighteenth, and 
nineteenth centuries respectively. Clearly the 
more limited anomaly is related to the larger 
crisis and Kuhn anticipates an overlap: "The 
sorts of discoveries considered in the last 
section (anomalies) were not, at least singly, 
responsible for such paradigm shifts as the 
Copemican, Newtonian, chemical, and Ein- 
steinian revolutions."^* It is important here 
to understand that by the "Copemican rev- 
olution" Kuhn means the astronomical rev- 
olution that begins with Copernicus and 
ends with Newton. By the "Newtonian rev- 
olution" Kuhn means the larger revolution 
in science and cosmology that also begins 
with Copernicus but that goes well beyond 
astronomy in its scope [see note 49]. Coper- 
nicus's Concerning the Revolutions of the 
Celestial Spheres provides a first critical step 
in the revolution, but neither it nor Newton's 
Principia is to be thought of singly as being 
responsible for a revolution. 

Nevertheless, tiie role of Copernicus in the 
revolution is by far the most challenging. It 
is relatively easy to understand the motiva- 
tion for a final work such as the Principia or 
of an intermediate work such as The New 
Astronomy; but what is the "crisis" in as- 
tronomy that motivates Copernicus to take 
this revolutionary initial step? Kuhn points 
out in SSK that "Copernicus himself wrote 
in the Preface to the De Revolutionibus that 
the astronomical tradition he inherited had 
finally created only a monster. "^^ In his ear- 
lier work on Copernicus, Kuhn states that 
"diffuseness and continued inaccuracy — 
these are the two principle characteristics of 
the monster described by Copemicus."^^ 

In SSR Kuhn takes up again the issue of 
"continued inaccuracy." He claims that "the 
state of Ptolemaic astronomy was a scandal 



before Copernicus' announcement."""^ He 
documents this statement with a reference 
to a work by A. R. Hall that contains a similar 
charge. "Unfortunately it was well known 
by 1500 — ^it was a scandal to leaming — ^that 
calculations were not verified by observa- 
tion."^^ Hall concludes that Copemican ta- 
bles were much better than tiie Alphonsine 
tables and that "the improvement can be at- 
tributed to the greater accuracy of the Co- 
pemican calculations."'* 

But the astronomer and historian Owen 
Gingerich challenges this claim. He has used 
modem planetary theory and computers to 
calculate where planets were in the sixteentti 
century. Moreover, he has compared tiie 
calculations of a sixteenth centurv Ptolemaic 
astronomer (Stoeffler, died 1530) with the 
calculations of a sixteenth century Coper 
nican astronomer (Stadius, bom 1527). Gm 
gerich states that "tiie first result of this 
comparison is the fact that the errors readi 
approximately the same magnitude before 
and after Copernicus."'^ Thus if the state of 
predictive astronomy was "a scandal before 
Copernicus' announcement", then clearly it 
remained so immediately after that an- 
nouncement. Kuhn recognizes that situation, 
for in SSR he states "unlike Kepler, the Co- 
pemican theory scarcely improved upon the 
predictions of planetary positions made by 
Ptolemy."'* 

The second face of Copemicus' monster, 
as viewed by Kuhn, is "diffuseness." If this 
statement is taken to mean that the Coper- 
nican system is simpler than the Ptolemaic, 
then it is dearly wrong. Neugebauer, Gin- 
gerich, and others have dearly pointed out 
that this "myth of simplidty" has no foun- 
dation in fact. In terms of the detailed cal- 
culations for any particular planet, Gingerich 
claims that it "would have been wery difficult 
for Copernicus' contemporaries to distin- 
guish between the two schemes on the basis 
of complexity."'' But Kuhn's reference to 
"diffuseness" rises above mere simplkity. He 
is concemed witti the many Islamic and Eu- 
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ropean astronomers who had generated 
'mcxiified Ptolemaic' systems. "There were 
so many variant systems, the adjective 
"Ptolemaic" had lost much of its meaning. 
The astronomical tradition had become dif- 
fuse."^" And in SSR, Kuhn claims that the 
monster revealed in the preface to De Re- 
volutionibus "provides one of the classic de- 
scriptions of a crisis state/'^' 

Gingerich suggests, however, an alternate 
view of what motivates Copernicus. He 
points out that in the preface Copernicus 
faults other systems for failing to discern in 
the design of the universe a "fixed symmetry 
of its parts" and thus creating a "monster 
rather than a man/'^^ 

This "fixed symmetry of its parts" refers to the 
fact that, unlike in the Ptolemaic scheme, the rel- 
ative sizes of the planetary orbits in the Coper- 
nican system are txed with respect to each other 
and can no longer be independency scaled in size. 
. . . Qearly, this interlinking makes the unified 
man, and in contrast the individual pieces of 
Ptolemy's arrangement become a monster." 

Thus from Gingerich's point of view the 

challenge faced by Copernicus arises in the 
initial formulation of the Ptolemaic system 
with its separate parts rather than with the 
various revisions of the system itself as sug- 
gested by Kuhn. Therefore, if this challenge 
rep r e s e n ted a crisis, Gingerich daims, it is 
one that should have been in force from the 
time of Ptolemy himself and its role as crisis 
for Copernicus is thus severely limited. 

It is not the charge of this paper, however, 
to evaluate how well Kuhn's model fits as- 
tronomical history, but rather to use the latter 
to describe the former. The historian Koyre 
provides an alternative source of crisis that 
serves this function. He suggests yet another 
and more specific motivation for Coperni- 
cus' innovation can be found in his earlier 
work the Commentariolus. "It [the Commen- 
tariolus] reveals far better than the latter 
work [De Revolutionibus] some of the con- 
siderations that guided the mind of Coper- 



nicus."^ The preface to the Commentariolus 
is quite shcMrt, diree paragraphs, and the firud 
paragraph deariy sets out Copernicus' con- 
cern. 

The theories concerning these matters that have 
been put forth far and wide by Ptolemy and most 
others, although they correspond numerically 
[with the apparent motions], also seemed quite 
doubtful, for these dieories were inadequate un- 
less they also envisicmed certain equant drcles, on 
account of which it appeared that the planet never 
moves with uniform velocity either in its deferent 
sphere or with respect to its proper center. There- 
fore a theory of this kind seemed neither per- 
fect enough nor sufficiently in accordance with 
reason." 

Seen in this fashion, the equant violates the 
Platonic charge to employ uniform drcularity 
to explain celestial motion because the 
equant separates uniformity from circularity. 
The attempt to eliminate the equant is thus 
an attempt to return to first principles. The 
price that must be paid to restore the meta- 
physical principle of celestial circularity to 
its pristine form is the destruction of the 
metaph3rsical principle of geocentridty. Al- 
though Kuhn does not dwell on the equant 
as motivation, he clearly recognizes the gen- 
eral results: "In Copernicus' work the rev- 
olutionary conception of the earth's motion 
is initially an anomalous by-product of a 
profident and devoted astronomer's at- 
tempt to reform tiie techniques employed in 
computing planetary position."^ 

Thus Cop)emicus is to be seen as a devoted 
Aristotelian who would restore to celestial 
motion the Platonic uniformity that Ptole- 
my's equant had tarnished. The cost was the 
shift of the center of Plato's celestial circu- 
larity from the Earth to tiie Sun. Thus the 
metaphysical prindple identified as geocen- 
tridty, which assumed a stationary Earth, has 
been replaced by the assumption that it is 
the Sun that is stationary and the Earth that 
moves. Celestial bodies still do not require 
Newtonian "occult forces" to move them in 
their natural circles, and the celestial perfec- 
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tion of the heavens remains unchallenged. 
Copernicus challenges the metaphysical 
principle of geocentricity but he holds to the 
principles of celestial circularity and the lunar 
dichotomy. Therefore, as Kuhn claims, Con- 
cerning the Revolutions of the Celestial Spheres 
is "a revolution-making rather than a revo- 
lutionary text."*^ 

Kepler and "Celestial Circularity" 

As one places Copernicus on a level with 
Ptolemy, so one must also place Kepler on a 
level with Newton, both with regard to the 
intensity and creativity of their work and 
with its ultimate value to astronomy. Kepler 
sought throughout his life to understand the 
order that God had imposed on the universe. 
He looked for archetypal cause, expressed in 
geometry, music, and astronomy, that would 
reveal the Creator's master plan. He inher- 
ited from Tycho Brahe not only astronomical 
data but the conviction that there were no 
crystalline spheres to carry around the plan- 
ets. Thus he also looked for physical cause 
in astronomy, but as an extension and man- 
ifestation of archetypal cause, not as a sub- 
stitute for it. He sought to know why there 
were only five planets and why they were 
spaced as they were. He sought to know the 
precise path of the planets and their exact 
positions on that patti. Finally, he sought to 
bring it all together in a great expression of 
God's "world harmony." 

By the end of the sixteenth century, the 
great observational astronomer Tycho Brahe 
had completed his new and precise mea- 
surements of planetary motion. Fortunately, 
upon his death these new measurements 
were in the hands of Johannes Kepler, 
mathematician and astronomer without peer. 
The improved measurements of the motion 
of Mars were the source of a new "anomaly" 
whose solution proved so evasive and pro- 
duced such a "crisis" that Kepler was driven 
to bend the rules even further. It is interesting 
to watch the initial conflict between Kepler's 



allegiance to celestial circularity (Kuhn's 

metaphysical parts) and his devotion to ac- 
curacy (Kuhn's shared values). Tycho's data 
for Mars was at least an order of magnitude 
more accurate than either Ptolemy's or Co- 
pemicus's data. No matter how the celestial 
circles were manipulated by Kepler, the dif- 
ferences between the calculated portions 
and measured positions could not be rec- 
onciled. The motion of Mars remained an 
anomaly. The puzzle could not be solved. 
Finally, in desperation, Kepler set aside the 
circles and began to experiment with other 
geometrical shapes to describe planetan* 
motion. He bent the rules. He abandoned 
the Platonic charge. The final solution was 
not a combination of uiuform circular mo- 
tions, but an ellipse along which die planet 
moved with an orderly but varying speed 
The metaphysical principle of celestial cir- 
cularity was under attack. In The New As- 
tronomy, he recorded in great detail all of his 
mistakes and false trials as well as his hnal 
success. These details were a source of dif- 
ficulty for the aspiring seventeenOi-centuiy 
astronomer who wanted to get the pcnnt, but 
a gold mine for the historian or philoso|:4ier 
who is concerned with how the |«ogress was 
achieved. Arthur Koestler, in his book The 
Sleepwalkers, discusses Kepler's repeated 
failure to recogruze the orbit of Mars as an 
ellipse, when {from hindsight) it diould have 
be^n obvious to anyone with Kepler's training 
that it must be an ellipse. But metaph3fskal 
convictions die slowly. When the realization 
did dawn on Kepler, he expressed his reac- 
tion by saying, "I felt as if I had been awak- 
ened from a sleep."*" 

But even with Kepler the revolution had 
not yet taken place. There was no "enduring 
group of adherents ^t was attracted away 
from competing modes of scientific activity." 
Galileo knew of Kepler's work but clearly he 
had not read it. Seventy years later, even 
Newton had some initial doubts about the 
exactness of Kepler's results. 

So Kepler's New Astronomy, however 
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powerful, must be relegated to the role of an 
"ad hoc modification" of tiieory. And a doser 
examination of Kepler's other work does not 
counter that suggestion. Planetary circles 
may have been destroyed but God the Cre- 
ator was still God the Geometer and He and 
His world spoke to Kepler in the language 
of geometry. Although questions of physical 
causes (such as the forces of Newton) are 
important in Kepler's work, the geometric 
causes still dominated. He maintained a 
continued interest in «istrology, and ten years 
after The New Astronomy, he published The 
Harmony of the World, a work in which the 
heavens abound in a harmony expressed in 
planetary positions and motions that can be 
recited and revealed in the circular harmo- 
nies of music. It was here that Kepler found 
a deeper sense of celestial circularity and, 
moreover, was convinced that the elliptic 
orbit did not destroy celestial circularity but 
v^as in fact necessary to preserve it.*' That 
conviction, however, died with Kepler, and 
the elliptical orbits of the New Astronomy 
eventually were responsible for the over- 
throw of the Ptolemaic metaphysical com- 
mitment to celestial circularity. 

Galileo and "Lunar Dichotomy" 

The removal of the "Lunar Dichotomy" 
was the final step in the revision of die 
metaphysical principles of astronomy nec- 
essary for the ccnning of Newtonian astron- 
omy, and it was provided by Galileo and his 
telescope. It clearly is an oversimplification 
to credit this step only to Galileo. It is fore- 
shadowed when Copernicus sets the earth 
in motion and it is dramatically advanced 
when Kepler introduces celestial physical 
causes, such as magnetic effects, that have 
terrestrial counterparts. Nevertheless, this 
revision achieves its fruition in the work of 
Galileo. The work of interest is not his great 
polemical defense of the Copemican system, 
the Dialogue Concerning the Two Chief World 
Systems of 1632. That work is more an attack 



on the Scholastic Establishment than a work 
of science and as such does not fit into the 
analysis of astronomy. What litde astronomy 

it does contain is ignorant of the work of 
Kepler. Rather, of interest is Galileo's small 
work of 1610, entitled The Starry Messenger, 
in which he reports the details of his obser- 
vations of the heavens with his telescope. 
The "crias" is induced by the appearance of 
the new instrument and tihe information it 
reveals. It is not, however, improved accu- 
racy or more details of planetary motion that 
he reports. Rather, he publishes his obser- 
vations of the things he has seen on the sur- 
face of the moon. Now the last of the three 
metaphysical elements of Ptolemaic astron- 
omy has fallen. The moon is not an Aristo- 
telian example of celestial perfection. Rattier, 
it has a surface that contains mountains and 
craters such as may be found on the earth. 
The distinction between the nature of ter- 
restrial and celestial worlds is gone. The lunar 
dichotomy is abolished. 

"Comes the Revolution" 

Thus the road is clear for the coming of a 
"universal" gravitational force that causes 
objects to fall to the earth, that causes the 
moon to move about the earth, and that 
causes the earth to move about the sun. It 
will require the great genius of Newton to 
breadie life into Uie system with his Principia, 
but Concerning the Revolutions of the Celestial 
Spheres, The New Astronomy, and the The 
Starry Messenger have cleared the path. There 
can be no revolution from an existing par- 
adigm without a simultaneous switch to a 
new paradigm. There is no paradigm without 
an "enduring group of adherents" and an 
"open set of problems" for ttiem to work on. 
The "set of exemplars" that is the Principia 
could not have been conceived and would 
not have been received if the adjustments 
had not been made in the constellations of 
shared beliefs, metaphysical principles, and 
symbolic generalizations that surrounded it. 
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These adjustments/ "ad hoc or not", were tiie 
work of the genius of Copernicus, Kepler, 
and Galileo. But it was Newton and the 

Principia that gave rise to the enormous flood 
of scientific activity and identification that 
was science in the eighteenth and nineteenth 
centuries. It was in 1687 that the central set 
of exemplars necessary for a successful 
Kuhnian revolution finally appeared. 

Conclusion 

Thus the "Copemican Revolution/' of 
which Kuhn wrote in 1957, when analyzed 
in terms of the structure of scientific revo- 
lutions, of which Kuhn wrote in 1962 (SSR), 
occurs not with Copernicus, in 1543, but 
with Newton in 1687!^° This conclusion is 
not so paradoxical as it first appears. Kuhn's 
early work on Copernicus is an exercise in 
die history of science, as is his later work on 
the "Quantum Revolution."^* In neither 
work, one written before and one written 
after his SSR, does Kuhn attempt to analyze 
the particular historical period in terms of 
the structure of science that he details in 
SSRP There are distributed references in SSR 
to Copemican and Newtonian concepts, but 
there is no attempt at presenting them as a 
single, unified, case study. This attempt was 
undertaken in this paper fundamentally to 
explain Kuhn's analysis of the structure of 
science, rather than to defend or to attack it. 
Nevertheless, there emerges a strong corre- 
spondence between the major elements in 
the history of astronomy and those in Kuhn's 
view of the structure of science. Perhaps such 
a correspondence would break down under 
a closer detailed inspection. Moreover, the 



extension of this correspondence to other 
areas of science may not be as strong. The 
work of Stegmiiller in classical mechanics, 
however, indicates that it is useful in the area 
of mathematical physics (see notes 17 and 
18). On the other hand, Kuhn's conclusions 
concerning the nature of scientific knowledge 
and progress do not find universal appiovaL 
Many critics claim tiiat he presents a view 
of science that is relativistic and irrationaL'' 
But even if he has succeeded only in provid- 
ing philosophers of science with a useful 
model of a limited portion of sdenhfic activ- 
ity, the major elements of mathematical as- 
tronomy, then Kuhn has produced a work 
worthy of the attention it has received. 
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versal. There have been great strides taken within 
the last fifty years to understand details of Baby- 
lonian mathematical a s trono m y. Otto Neugebauer 
and his colleagues have provided translations of 
cuneiform astronomical and astrologjical tablets. 
Moreover, they have been able to understand the 
mathematical methods employed in making the 
theoretical predictions. (Neugebauer, 1975; 3 vols.) 
In a short but informative paper, A. Aaboe, a col- 
league of Neugebauer, sketches the character and 
content of Babylonian scientific astronomy. (Aaboe, 
1974: 21-42.) The set of exemplars dis^yed by 
the cuneiform astronomical tablets is distinctly ar- 
ithmetical in contrast to the geometrical methods 
of ^Almagest. Moreover, these tablets do not dis- 
play an interest in the continuous path of the plan- 
ets, as do the Almagest and the Principia. Rather 
they are primarily concerned wnth the location of 
the planets at five specific fwints: first and last vis- 
ibility, the two stationary points (retrograde), and 
oppodtion. Despite these fundamental and pro- 
nounced differences from Greek astronomy, the 
theoretical calculations are detailed and precise, and 
they are carefully con^Mred to the points observed. 
This concern for accurate predktions reveals a 
common bond of shared values that stretdies from 
Babylortian astronomy, through Greek atronomy, 
to Newtonian astronomy and beyond. 

45. Kuhn, 1970: 94. 

46. Kuhn, 1970: 10. 

47. Dreyer, 1953: 345-346. 

48. NeugelMiuer, 1968: 103. 

49. Kuhn, 1957: 228. 

50. Kuhn, 1957: 228. 

51. Kuhn, 1962: 66. 

52. Kuhn, 1962: 69. 

53. Kuhn, 1957: 141. 

54. Kuhn, 1962: 67. 

55. HaD, 1954: 16. 

56. Hall, 1957: 17. 

57. Gingerich, 1975: 86. 

58. Kuhn, 1962: 156. 

59. Gingerich, 1975: 89. 

60. Kuhn, 1957: 140. 



61. Kuhn, 1962: 69. 

62. Gingerich, 1975: 89. 

63. Gingerich, 1975: 89-90. 

64. Koyre, 1973: 26. 

65. Swerdlow, 1973: 434. 

66. Kuhn, 1957: 137. 

67. Kuhn, 1967: 135. 

68. KoesUer, 1952: 332. 

69. Bradcenridge, 1982: 293. Put snnply, die afginnent 

is that Kepler found that the orbital circle had to 
give way to the orbital ellipse in order to preserve 
the mow fundamental celertial circularity of mtiiicil 
harmony, which was derived from the geometrv of 
circles and expressed in the ratio of planetary an- 
gular velocities at aphelion and peiihdion. 

70. In SSK Kuhn states, "Cop>emicanism made few 
converts for almost a century after Copernicus 
death. Newton's work was not generally accepted 
particularly on the Continent, for more than half a 
century after the Principia appeared." (Kuhn, 1970: 
150) But one must make a clear distinction betveecn 
the reception of Newton's work on the Continen* 
and its reception in England. Clearly there are 
diauvinistic forces at work in France vdative to the 
work (rf Descartes. In England, despite some concern 
over the "occult" nature of gravitational forces, there 
is a group of adherents that begins to fbnn around 
the Principia almost at onxx. 

71. Kuhn, 1978. 

72. Most reviewers of Kuhn's 1978 work on quantum 
theory (note 56) indicated that they had expected 
sudi an analy^. In an essay review entided 'Tar- 
adigm Lost?", the writer states the common re- 
sponse: "The emergence of quantum theovy at the 
begirming of this century heralded one of tfw most 
far-reaching scientific revolutions. Yet in Kuhr - 
current book, where he traces the early development 
of ttie quantum theory, (ew, if any, of has moR 
general ideas on the nature of levohitians are evi- 
dent." (Pinch, 1979: 437.) 

73. Kuhn is not ttie only contemporary phfloeopher of 
science to be subjected to this criticism. In a recent 
work, David Stove argues that, in addition to Kuhn, 
the phikMophers Popper, Lakatos, and Frfenbend 
all are irrationalists. (Stove, 1982, 3.) 
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Nuclear Power in the World Today* 



Manson Benedict 



A reliable supply of electricity is es- 
sential to industrial society. Today, 
the principal means for generating 

electricity should be nuclear energy or coal. 
The best hydroelectric sites are fully utilized. 
Oil has become too expensive. Natural gas 
is a premium fuel which should be reserved 
for space heating and petrochemical pro- 
duction. Compared with coal, a nudear plant 
has the advantages listed in figure 1 of being 
less vulnerable to interruptions in fuel supply 
by rail or mine strikes, or causing fewer in- 
juries or deaths among workers or the gen- 
eral public, and of generating electricity at 
lower cost, except in a plant located right at 
a coal mine. 

The second figure compares the cost of 
electricity in large base-load nudear plants 
with the cost in large coal-fired plants using 
data or the Commonwealth Edison Co. in 
Illinois. The cost from these nuclear plants 
operating today is only about 60 percent of 
that of electricity from coal. The relative cost 
advantage projected for nudear plants to be 
built in the next ten years is almost as great. 

This paper describes briefly how a nudear 
plant works, lists the amount of nuclear 
generating capacity now operating and 
planned in the principal industrial nations, 
and shows pictures of nuclear plants in a 
number of countries. It also describes the 
nudear fuel cycle, the steps used in preparing 
fuel for nudear power plants and reclaiming 
and disposing of spent fuel from them. I will 
close with some recommendations for the 
U.S. power program. 



• Read 24 Apnl 1981. 



Figure 3 is a schematic diagram of a pres- 
surized water nudear power plant, the type 
used in about two-thirds of U.S. plants. Fis- 
sion of uranium-235 in the core of the reactor 

heats pressurized primary water in the pres- 
sure vessel to about 300°C. This converts 
secondary water in the steam generator to 
steam, which drives a turbine which gen- 
erates electricity. 

The pressurized water in U.S. plants is 
natural water, for which uranium fud must 
be enriched to contain about 3 percent of 
fissionable uranium-235. In Canadian plants, 
the primary water is heavy water, uith 
wiiich natural uranium containing only 0.7 
percent uranium-235 can be used wi^out 
enrichment. 

Figure 4 is a schematic diagram for a boQ- 
ing water nuclear power plant used in about 
one-third of U.S. plants. It differs from the 
pressurized water types in that natural water 
is allowed to boil in the reactor core, and the 
steam thus produced drives the turbine di- 
rectly. 

Both the pressurized water and boiling 
water reactors produce some fis^onaUe 

plutonium from the uranium-238 in their 
fuel, but not enough to compensate for the 
fissionable uranium-235 consumed. By using 
a liquid metal, sodium, to transport heat frcMon 
the reactor instead of water, fission takes 
place with fast neutrons, and plutonium 
production is so increased diat the reactor 
can produce more fissionable material than 
it consumes and is said to "breed." Rgure 5 
is a diagram of a sodium-cooled, liquid -metal 
fast breeder reactor. Large breeder reactor^ 
are operating in England, France and the So 
viet Union. The Reagan administration is ex- 
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Advantages of Nuclear Energy Over Coal for Generating Electricity 

1 . More secure fuel supply 

2. Fewer injuries or deaths to workers and public 

3. Lower cost 



Fig. 1. Advantages of Nuclear Power 



Cost of Electricity from Large, Base Load Stations Comnnonwealth Edison Company 

Cents jper kilowatt-hour 

Nuclear Coal 



Actual, present stations 1 .7 3.0 

Projected, stations operational in 1991* 13.3 18.2 

G. R. Corey, to be published in Annual Review of Energy, 1981 
• Assuming 7.5% annual cost escalation 



Fig. 2. Cost of Electricity 




Fig. 3. Pressurized Water Reactor 
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Fig. 4. Boiling Water Reactor 




'primary sodium loop secondary sodium loop 



Fig. 5. Liquid Metal Fast Breeder Reactor 
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pected to complete construction of the similar 
Clinch River Breeder Reactor, which was 
stopped by the Carter Administration. The 
big advantage of the breeder reactor is that 
it makes available as nuclear fuel the 99.3 
percent of natural uranium which is non- 
fissionable uranium-238. 

Figure 6 is a map showing the location of 
nuclear power plants in the United States. 
Plants now operating are marked by black 
circles; others under construction or on order, 
by open symbols. Figure 7 is a photograph 
of the Donald C. Cook pressurized water 
plant on Lake Michigan; figure 8 is the Pil- 
grim Boiling Water Station on Massachu- 
setts Bay. 

The next two figures show Canadian nu- 
clear facilities: the four Pickering Heavy- 
Water Nuclear Power Plants of Ontario Hy- 
dro, near Toronto and that company's Bruce 
Nuclear Power Station on Lake Huron, with 
a heavy water production plant in the fore- 
ground with its tall fractioning towers. 

Figure 1 1 gives the total nuclear generating 
capacity of countries in North and South 
America at present and as projected. By 1990 
about 15 percent of their electric capacity is 
expected to be nuclear. 

Figure 12 is a similar table for western Eu- 
rope. France leads in planned use of nuclear 
energy, with 65 percent of its electric capacity 
expected to be nuclear by 1990. Breeders are 
planned in France, England and West Ger- 
many. Gas-cooled reactors are used in En- 
gland; the Magnox type at Oldbury is shown 
in figure 13; the advanced gas-cooled type 
at Hinckley Point in figure 14. Figure 15 
shows the big French nuclear complex at Ti- 
castin, with four pressurized water reactors 
in the foreground and the large Eurodif gas- 
eous diffusion plant to enrich uranium in the 
background. Figure 16 shows the 250- 
megawatt French breeder reactor Phenix 
which has been operating successfully since 
1974, and figure 17 shows the 1200-mega- 
watt Super-Phenix reactor scheduled to op- 
erate in 1983. 



The nuclear-generating capacity of Soviet- 
block nations, with the Soviet Union having 
most of the capacity is listed in figure 18. 
Breeders, light-water reactors and graphite- 
moderated reactors are in operation there. 

Figure 19 lists the nuclear generating ca- 
pacity of Asian nations. Japan is the leading 
nation, using mostly light water reactors, but 
with one small breeder reactor and a heavy 
water reactor. Figure 20 shows the Mihama 
pressurized water power plant and figure 21 
the Fugen heavy water station. 

Nuclear power plants differ from coal- 
fired plants in requiring novel facilities to 
produce fuel for them and process fuel from 
them. Figure 22 shows the principal steps in 
the nuclear fuel processing plants making up 
what is called the nuclear fuel cycle. 

The first step is mining uranium ore, which 
contains only a few pounds of uranium per 
ton. Uranium in the ore is concentrated in a 
uranium mill located near the mine. Uranium 
concentrates are shipped to a uranium refin- 
ery where impurities are removed and the 
uranium is converted to the chemical form 
needed in the next step, uranium hexafluo- 
ride in this slide. This is the only stable, vol- 
atile compound of uranium. It is needed as 
feed for plants to enrich the fissionable iso- 
tope uranium-235, using the gaseous diffu- 
sion or gas centrifuge process. Enriched 
hexafluoride from such plants is converted 
to uranium dioxide. This ceramic material is 
formed into pellets and fabricated into re- 
actor fuel elements in a fuel element factory. 

After use in the nuclear power plant, spent 
fuel is very radioactive but contains enough 
residual uranium-235 and plutonium to 
warrant their recovery. This may be done in 
a reprocessing plant, where the fuel is dis- 
solved in nitric acid and the uranium and 
plutonium are separated from radioactive 
fission products by extraction with an im- 
miscible solvent. The uranium may be con- 
verted back to the hexafluoride and recycled 
to the enrichment plant. The plutonium may 
be used as startup feed for a breeder reactor. 
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Fission products may be converted to a wa- 
ter-insoluble glass to be stored in an under- 
ground repository. 

The amount of uranium mined per year 
and the total uranium resources of the prin- 
cipal uranium-produdng nations are listed 
in figure 23. A typical 1000-megawatt light 
water reactor consumes about 140 metric 
tons of uranium per year. Present U.S. ura- 
nium production is sufficient to fuel about 
1 00,000 megawatts of pressurized water nu- 
clear power plants. The leading uranium- 
producing nations are the United States, with 
about 40 percent of the world's capacity, 
Canada with 18 percent and South Africa 
with 13 percent. 

Separation of UKmium-235 from uranium- 
238 is very difficult because these two iso- 
topes have nearly identical properties. Figure 
24 shows two of the large stages used in the 
U.S. Department of Energy's diffusion 
plants. The U.S. has three diffusion plants. 
When they were in full operation in the 
1960s, they consumed five percent of all U.S. 
electricity. 

The U.S. Department of Energy is devel- 
oping a more energy-efficient process to 
separate uranium isotopes, the gas centri- 
fuge, which works on the same principal as 
a cream separator. A similar centrifuge sep- 
aration process is now being used by a con- 
sortiiun of British, Dutch and German com- 
panies called Urenco, whose pilot plant is at 
Almelo, Holland. The gas centrifuge uses 
much less energy than gaseous diffusion. 

Reprocessing plants to separate uranium 
and plutonium from fission products in spent 
fuel discharged from nudear power plants 
are in operation in England, France and Ja- 
pan. The next three figures show reprocess- 
ing plants at Windscale, England, at La 
Hague, France, and at Tokai, Japan, which I 
visited in November 1980. 

A private U.S. company built a reprocess- 
ing plant in Barnwell, South Carolina, but 
the Carter administration refused it permis- 
»on to operate, in an unsuccessful attempt 
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Nudear Generating Capacity in Americas 







Actual 




Projected 




Projected 








1980 




1985 




1990 






Type 


MW 


% 


MW 


% 


MW 


% 


Argentina 


H. L 


344 


3 


944 


8 


1.642 


12 


Brazil 


L 


0 




626 




10.586 


13 


Canada 


H 


5.514 


8 


9.700 


10 


16,900 


15 


Cliile 


? 


0 




0 




600 


15 


Cuba 


L 


0 




880 








Mexico 


L 


0 




1,308 


5 






U.S.A. 


L. B? 


55,791 


10 


104,417 


15 


138,916 


17 



MW = Megawatts of nudear electric generating capacity 

% = Percent of national generating capacity which is nuclear 
H = l-ieavy water L = Ught water B = Breeder 



Fkc. 11. Nudear Generating Capacity in Americas 



Nudear Generating Capacity in Western Europe 



Actual Projected Projected 

1980 1985 1990 





Type 


MW 


% 


MW 


% 


MW 


% 


Belgium 


L 


1.667 


16 


5.427 


38 


12,200 




Finland 


L 


1,080 


10 


2,160 


20 


5.000 


30 


France 


B, G. L 


8.330 


10 


33.125 


50 


50.000 


65 


Italy 


G.L 


1.412 


3 


2.434 


5 


13.400 


15 


Nettierlands 


L 


505 


3 


505 


3 


505 


3 


Spain 


L 


1.082 


4 










Sweden 


L 


3,700 


15 


8.380 


28 


9.430 




Switzerland 


L 


1,926 


18 


2,871 


22 






United Kingdom 


B. G.L 


6.426 


10 


10,196 


11 


12,836 


13 


West Germany 


B. L 


8.887 


12 


19,534 




26.580 





MW = Megawatts of nudear electric generating capacity 



% = Percent of national generating capacity which is nudear 
G = Gas-cooled B = Breeder L = Ught water 



Fig. 12. Nudear Generating Capadty in Western Europe 
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Fig. 13. Oldbury Magnox Nuclear Power Station 



to persuade other nations not to recover plu- 
tonium. I hope that the Reagan administra- 
tion will permit this plant to operate, under 
proper safeguards to prevent misuse of plu- 
tonium, so that the uranium and plutonium 



in spent fuel can be used to augment U.S. 
nuclear fuel supplies. 

Reprocessing plants produce highly ra- 
dioactive waste in the form of a water so- 
lution. Before such waste can be stored 




Fig. 14. Hinckley Point B AGR Nuclear Power Station 
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Nudear Generating Capacity in Soviet Bioc 

Actual Projected Projected 

1980 1985 1990 





Type 




% 


MW 


% 


MW 


% 


Bulgaria 


L 


880 




1,760 




5.760 


35 


Czechoslovakia 


L 


112 




4.952 


17 




32 


East Gennany 


L 


1.400 




5.360 








Hungary 


L 


0 




1.760 




4,760 


10 


Poland 


L 


0 




440 




4.880 


9 


Romania 


L 


0 




440 






20 


Soviet Union 


B. C. L 


9.905 


4 


34,135 


10 




25 



MW = Megawatts of nuclear electric generating capacity 

% = Percent of national generating capacity which is nuclear 
L = Light water reactor B = Breeder 
C = Graphite nKXierated, water cooled reactor 



FIG. 18. Nuclear Generating Capacity in Soviet Bloc 



Nudear Generating Capacity in Asia 

Actual Projected Projected 





Type 


1980 




1985 




1990 




MW 


% 


MW 


% 


MW 


% 


India 


L.H 


596 


2 


1.676 


4 


2.116 


5 


Indonesia 


? 


0 




1.600 




2.900 




Japan 


L. H.B 


14,952 


12 


30.000 


17 


53,000 


25 


Pakistan 


H.L 


125 




725 








Phillipines 


L 


0 




620 


10 


620 


7 


South Korea 


L,H 


587 


8 


3,815 


20 






Taiwan 


L 


1.212 


17 


4.928 


31 






Thailand 


? 


0 




0 




900 


10 



MW = Megawatts or nuclear electric generating capacity 
% = Percent of national generating capacity which is nuclear 

L = Light water H =^ Heavy water B = Breeder 



Fig. 19. Nudear Generating Capacity in Asia 



Copyrighted material 



NUCLEAR POWER IN THE WORLD TODAY 



469 




470 



MANSON BENEDICT 




REACTOR 



STEAM 
TURBINE 

STEAM 



FUEL 
ELEMENT 
FACTORY 



FUEL 
ELEMENTS 




ELECTRIC 
POWER 



GENERATOR 



URANIUM HEXAFLUORIOE 
ENRICHED TO 3% '» U 



RADIOACTIVE 
SPENT FUEL 
ELEMENTS 



GASEOUS 
DIFFUSION 
PLANT 




PLUTONIUM 

DIOXIDE 




RECOVERED 

URANIUM FUEL 
HEXAFLUORIOE REPROCESSING' 
PLANT 



DEPLETED 
URANIUM 
HEXAFLUORIOE 




RADIOACTIVE 
ISOTOPES 



RADIOACTIVE WASTES. 
UNDERGROUND STORAGE 



NATURAL URANIUM 
HEXAFLUORIOE 



URANIUM 
MINE 



URANIUM 
ORE 



URANIUM URANHIM URANIUM 
MILL CONCENTRATES PURIFICATION 

AND CONVERSION 

PLANT 



FUEL-CYCLE OPERATIONS FOR LIGHT WATER REACTOR 

Fig. 22. Fuel Cycle Operations for Light Water Reactor 



without constant monitoring it must be con- 
verted into a water-insoluble solid. Processes 
for evaporating this water solution to dryness 
and converting it into a water-insoluble gjlass 
have been perfected in the United States, 
England, France, Germany and Japan, and 
are being operated on an industrial scale in 
France. Glass is stable in the presence of ra- 
dioactivity; it resists leaching by under- 
ground waters; it accommodates a variety of 
waste compositions; and it can be readily 
produced from radioactive materials. Finally, 
the glass is packaged in hermetically sealed, 
corrosion -resistant metal cans. 

The last step in the nuclear fuel cycle is 
safe storage of nuclear wastes. At present in 
the United States unreprocessed spent fuel 



elements are being stored in water-cooled 
basins at nuclear power plants and at inactive 
reprocessing plants, bi I^ance glassified 
waste is being stored in air-cooled ccmcrete 
vaults. Such storage is safe, but it is unsat- 
isfactory as a permanent measure because it 
requires continuous guarding to prevent hu- 
man intrusion. 

The procedure presently favored for per 
manent, untended storage of highly radio 
active waste is burial in geologic strata deep 
underground where circulating grounds wa- 
ters are demonstrably absent. Suitable geo- 
logic formations are monolithic granite, such 
as underlies much of Sweden; basalt, found 
in the United States; and salt deposits, such 
as occur in Germany and many states of our 
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National Uranium Production Rates and Resources (Exclusive of Soviet Bloc) 

1 979 Uranium production Uranium resources, 

rate, metric tons per year thousand metric tons 



Australia 


600 


352 


Brazil 


103 


164 


Canada 


6,900 


963 


France 


2.180 


101 


Gabon 


1,000 


37 


India 


0 


54 


Namibia 


3,692 


186 


Niger 


3,300 


213 


South Africa 


5,195 


530 


Sweden 


0 


304 


United States 


14,800 


1,866 


Others 


609 


273 


Total 


38,379 


5.043 



Source: OECD nuclear energy agency and international atomic energy agency: "Ura- 
nium — resources, production and demand," December 1979 



Fig. 23. National Uranium Production Rates and Resources 




Fig. 24. Gaseous Diffusion Equipment 
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Fig. 27. Tokai Reprocessing Plant 



own country. A committee of the U.S. Na- 
tional Academy of Sciences of which I was 
a member concluded that wastes could be 
stored safely in this manner and recom- 
mended construction of a pilot waste repos- 
itory in a New Mexico salt deposit. This 
program has been delayed by political dif- 
ficulties; no one state is eager to accept 
radioactive wastes from other states. In Ger- 
many, despite similar public relations prob- 
lems, work is proceeding on a pilot waste 
repository in a mined out salt deposit at Asse, 
shown in figure 28. 1 can't emphasize too 
strongly the necessity of processing in the 
United States with demonstration that nu- 
clear wastes can be stored safely in such an 
underground repository. This is one of the 
most critical factors impeding public accep- 
tance of nuclear power. 



I conclude this brief world tour of nuclear 
power facilities by summarizing my recom- 
mendations for the United States: 

First, we should substitute electricity, nu- 
clear or coal -generated, for oil or gas wher- 
ever possible. 

Second, we should facilitate construction 
of the present generation of water-cooled 
nuclear power plants by providing better 
public understanding of their economy and 
safety and by reducing delays in building 
and licensing them. 

Third, we should expedite development 
of the breeder to ensure long-term avail- 
ability of nuclear energy. 

Fourth, we should complete construction 
and operation of the Barnwell, South Car- 
olina reprocessing plant. 

Fifth, we should commission an under- 
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Fig. 28. Radioactive Waste Storage at Salt Mine, Asse, West Germany 



ground federal pilot repository for radioac- these five steps, nuclear energy will become 
tive wastes. a major factor in maintaining the quality of 

If the Reagan administration will take life in the United States. 



RECOMMENDATIONS 

1 . Substitute Electricity, Nuclear or Goal-Generated for Oil and Gas. 

2. Facilitate Construction of Conventional Nuclear Plants. 

3. Expedite Development of the Breeder. 

4. Complete Construction and Start Operation of Barnwell Reprocessing Plant. 

5. Commission an Underground Repository for Radioactive Wastes. 

Fig. 29. Recommendations 
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